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Abstract

It is predicted that ultra high energy cosmic rays (UHECRs) with energies above 1020eV

cannot travel to the Earth because of interaction with cosmic microwave background pho-

tons. However, The AGASA group reported 11 events of UHECRs.

The Telescope Array (TA) experiment is organized to clarify the astrophysics of UHECRs.

The TA detectors are comprised of a surface detector array (SD) and fluorescence telescopes

(FDs). The FDs measure air fluorescence photons emitted by atmospheric molecules excited

by air shower particles. The air fluorescence technique is useful to determine the primary

energies of cosmic rays because this is a calorimetric measurement of charged particles

in air shower events. However, there are difficulties to find fluorescence signals from the

detector outputs since there are noisy background caused by nighsky photons. Therefore,

an appropriate signal extraction scheme is required for accurate shower reconstructions and

the determination of primary energies of cosmic rays.

In this paper, I discuss a problem of signal extractions for the FD data. Some filters are

designed and examined by using nightsky background data observed at the TA observation

site (Utah). I found that a matched filtering technique is suitable for our purpose: since

the waveforms of the fluorescence signals can be known from air shower simulations, this

method is useful to extract small signals embeded in the nightsky background. The property

and performance of the filter are discussed.



Ý
1 Þ ß à

DyECs7á?^pâ5ãyäN`©\7J2KCLjM?åHIWæ=ç=GNè]DFEHGnmbé?êHë9ì 1912 ív^�îyOHPïT�¦Ûð5I�ñò5ó=ô
V.F.Hess ^²_HõWö��;÷«øbë²ùCúÆû©ëFüzýy^ 108eV þ«Õ 1020eV ÿ����y`������	�5ýCac«øpë=ö�
�Çì��RI]â;ã m{d5eNè]DyECñ ò5ó I��Æm��©ö��«øpë=ö��y`Wú û�I���� 1014eV ���I��FJ=KzL7M9O]DyECGj^����Rö2è�ì=t� �!�"$#�%�&	')(bI�*�+-, ÿ�./�?ù�0�1;a;c�2�3�4;ë9ì�RI65�7�')(bè�89�	:<;�=ÆÕ ë?ö��²`�ú>�©þ��Áì;DyECGNI�?$@�A;Ò)è9J?KHL7MRO=I E−3 ^�BC�D�E �©ö$�y`Rù�FCì 1014eV ��G=IpDyECGjI�?-@$A=ÒNèIH�'>: ì2a;cj^Rè]�KJ�'��v�ML-NÓmO �IP5�N×?á�2�Q�RNýCìFD²E9G)^F_5õ�öC��S7ä7`bs=t u2wyxzO�T;I�U�V$W-X«ÿb�YG5ýHc;Ð7ä`jm��K�bá61v��'�a=c�2Z3�4;ëyö[JHùzúûbëNüCý��- 7ýCa;c ø]ëN`pD²ERGjI5J?K9LjM5O?^;è$\�]�2_^2`)ma`2c øWëyö[JHùzú²\7J2KL7MRO5IpDyECGjèpDyE�b�c=æ;çnmed�f$g�.h�bJ=KHL7MRO²ÿji	�zì-k 50Mpc �z£Fþ«Õ©è�\�]vÿ���²`zJ2KCLjMROyÿ_lRõ9ùyü;ü]�- Í^�?=�Ný�J�'$�=þ Õ©ý�^²`�úm�bþn� ì AGASA ýyè�\I]ÿM���7` 1020eV I�DFERG ÿ 11

E a?c>�]ö��7`�ú ûCI 1020eV ÿM���7`pDFERG)èzì�o$pNIIWXÜm��böyè][l \��;J?K9LNM;Oyÿrq õzö-�7`²û²mW^�'F`�úm�Wùs2jõ�öHìÆû�I][=\7J2KCLNM5ODFEHGjè�ì��5\NJ?KCLjMRO=I6t$,;k?|/!5ìFk=ã)I]DFEF^Muv�<� øpë²ù[w2½H·Mx�¬zI6y�z${-WX	'n(p^pd5e ÿjq_�«m}|;Ð øbë9ì)�RIWd5e ÿj~��HäF`2û2mbè]D²ECñ ò5ó IM�-R	'��Rq7ý�^2`Wú
Telescope Array(TA) �;�²è]ì�[R\²J;K�LFMHOpD²EzGNI]â5ã ÿ�����Áì��9IpdRevÿ�~	�zä7`û?mWÿy�b�jmZ�pù��a�$�	�;I=Ú$�����9S T ý�^?`Wú AGASA ý=Ib[R\²J;K�LFMHOpDyECG7IHJ?KLjMROWÏ=Ð;Ñ=Òjè6k 20% ýCì	\�] ÿr�	�²`b[;\NJ?KCLjMROWD²EHG)IWâ��vÿ��=ÐFäN`�G=ý����mr'Fõ�ö��?ùzú	�5I;ù�F TA �2�yýyè�ì 9 �)IW�v�ML-N«ÿ�lM�C�;�?�v�]¡)ðÍ¨j� (SD) mÁìs��r��c5Ð5~5�²ý�^2`b�=t;�;�;¢5£?¤ (FD) m�ÿ��²���Áì[�R×�a5c ÿr3>� ú FD è]s5t)u;w2x�OW�X	2�s5t5��X«ÿj�5dyäF`yû2m ý����ÆÕÁë7`©�5t;�R�ÍÿÛa5c²äF`]ú FD ^²_C`©c5ÐjèpDyECGNIJ2KCLNM5OWÏ=Ð)^�
��5ö���.[�s29ìF� �]¡v���Fè6�-t;�v^F_R`-�s���jÿr�	�?ý-�7`9ù$FCì7�t=�5�v^7_H`]ÂRÃ«ÿb�v�Cä7`r�)�)mM'²`�úh�5I;ù�Fzì _��zÂRÃ�~$�)I6 ;�	2�Q$R7ý�^y`�ú¡-¢-£ ý2è FD I�a;cFgyOy¶zþ ÕÎ�=t=�;�yÂ5Ã ÿ©Ì«�Hä7`5ù�FHìn�>:e�?þ2I2´?µWLv¶HO²ÿgZ¤��N¬$�ÁìFÙ;PïTÁÿr3võzù�úY�RI]h5i=ìR[�¥	'²´5µpLj¶CO2ÿb�=÷¦��ùzú��RI�Â9Ã$~��� ;�=ì
 _�§y´?µWLv¶HO=I6¨$©v^����5ö�ª>«z`�ú
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2.1 µ·¶v¸¹_ºs»½¼M¾6¹_ºs¿�À�Á6Â$Ã ä	Ä�Å�Æ�ÇZÈ�É�Ê6Ë-Ì »�Í�Î¦ÏÑÐ 1912 Ò Á�Ó ÊsÔÖÕI×rØ�Ù6Ú$ÛÜ�Ý
V. F. Hess

Á	Þsß�à�á-âhãMä_å�æ	ç Ù�è-é-ê ¾�ëIì/í�ç Ù�î[Ù6ï ì-ð	Í�Î Ä æ¦ñrä	òZÍÁ�ó-ô9ã6ä�å�¹�º�» Ù�Æ/ÇZÈYÉ$Ê ¾ 108eV õ¦ö 1020eV Ù�÷-ø[ù Á�úKß�à$ûüÏÑÐ)ç Ù6ý�þ-ÿ��¾ Æ/ÇsÈ[É$Ê-Ù���� 3 � Á����
	Mà��9ã��� Ä æ/¹�º�» Ù������	Ù�ý�þ���� ¾�� ��� Í�Ð
1018eV ����Ù��! Í�¾ 0.1% "$#&%_Ä$'��!( ¾�)+*hãMä�à�,+�+,sæ

2.1.1 -/.103254&687/9;:/<1=?>A@B7
C Ã)ò�Í/Á6ó$ô¦ãMä�à�, Ä�DFE ¹	ºZ» ÙsÆ/Ç�ÈYÉ�Ê�ÔHG�IÕ È�"KJ 2.1

ÁBL ä æM/ëON!P ÙBQ�R/"TS�U ��, 1010eV "TVW%/ÄIÆ-Ç�È�ÉsÊX�H [Ù ¹/º�»�¾6ÐYç ÙZÆ-Ç�È	ÉsÊZÔ
G�IÕ ÈZY-Æ/ÇZÈYÉ$Ê-ÙO[!� F (E) = K × E−α

ÍK\�]�Í�^ Ä æ 1015eV _ \KòZÍ_¾ α ∼ 2.7Í/ÎhÏ Ð�ç	ñ õ¦ö α ∼ 3.0
¼a`!b?	 Ð

1019eV _ \ õ¦ö ò�å α ∼ 2.7
¼$� Ä æ9ñ Ù 2 c$d[ÙsÔ

G�I9Õ È	ÙXe ä1f Y Ï (1015eV _ \�Ð 1019eV _ \ ) " ç�ä�g�ä “knee”
Ð

“ankle”
¼$h�i-Í+,

Ä æ 1020eV "$VW% å �! Í Ù�ÔHG�I9Õ È ¾�Ð$¹_ºs» Ù�ý�þ�ÿ � YIÒ À 100km2
Î-åhÏ

1 j�k¼ml!nYÁ�o��? Ð/ó-ô!p Y�q�r 	rà�, Ä å�s[Þ�utnò�ß�à+,��!,�æ

2.1.2 -/.1032&v�w8x�y¹_ºs» Ù�z!{+|+} ÁK~�,�à;��ò!���Y¾��&, Y Ð���ÍO���_å�ÞZ�T� [���ÙsÆ/Ç�ÈYÉ�Ê�ÔHG�IÕ È�"T� ^��O� Ä ñ_¼ YK���YÙX��� ¼B� Ä æ C Ã-Ð9ñ Ù��+��"$� å äKz!{+|�} ¼!	ràK���T��¼m*�s ö ä�à+, Ä�ÙFY “ �+��È���z!{ ”
Í�Î Ä æ

�W�B�W�����

�H�rÈ��mzH{ ¾ 1949 Ò Á Fermi
Á_Þ�ß�à� W¡	ãMä/å zH{�Û�¢ Í�Ð+£�¤�¥�ì Y�¦ À�§>¼ ÙX¨© "$ª Ï¬«�)ñ/¼�Á	Þ�ß�à z!{ ã6ä Ä ¼$,5�a®�¯ � � z!{ Í_Î Ä æüñrä�Á	Þrä�°�Ð ¦ À�§½¼£+¤!¥�ì Ù�¨ © �&� ¾�®1¯ � Á�±�²F³K´$Í_Î Ä�Y Ð�¥$ì Ù 1 µ�Ù�¨ ©YÎ$åhÏ ÙO¶H·�� � Æ/ÇÈYÉ�Ê�¸�z p ∆E

¾�¹[Í_Î¦Ï Ð
∆E = αE

¼�¥-ì Ù�Æ�ÇsÈYÉ�Ê ÁO�!�W Ä ñ	¼ Y Lã�ä Ä æ
¦ À�§½¼ Ù�¨ ©YÁ�Þ ÄXz�{ ¾IÐ ñ Ù α Y�¦ À�§ Ù�º P { � Ù 2 � Á����Z Ä ñ/¼ õ¦ö Ð 2 EÙ1�+��È���z!{ ¼»h�°�ä Ä æ�¼�½ Ù ¹�ºZ» z!{W¾!¿�È ¼�	Mà/¾IÐmñ Ù 2 E;�+��È��Àz�{ Þ�Ï��Á+±�Â+Ã ¨!Ä+Å Á	Þ ÄBz!{8Y �Z��Í_Î Ä ¼$Æ %hö ä�à�, Ä æüñ ÙXÇ�È Ð z!{+�� �ÙXÉ�Ê[ÙÆ�Ë õhö α Y�¨�Ä�Å[Ù�º P { � Ù 1 � Á����Z Ä ñ/¼ Y L9ã�ä�Ð 1 EYÙ��+��È��Àz�{ ¼$h1°
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ä Ä æ�£�¤+¥-ì Y�¨+Ä�Å ¼ Ù 1 µ�ÙO¨ ©	Í ∆E = αE Ù�Æ/ÇZÈYÉ�Ê�"BÌ�Í  Ä ¼$ Ä ¼ Ð n

µ�Ù�¨ ©�Î Ù ¥�ì Ù�Æ�ÇZÈ�É�Ê En

¾ �1��Ù ÞZ�MÁH� Ä æ
En = E0 (1 + α)n (2.1)ñ-ñ�Í

E0

¾�¥�ì Ù�Ï!Ð	Æ�Ç�È[É�Ê Í�Î Ä æ½Þ�ßIàZÐ Æ�Ç�È�É�ÊFY E
ÁF� ÄsÙ Á ��Ñ � ¨ ©

µOÒ ¾�Ð
n =

ln (E/E0)

ln (1 + α)
(2.2)¼T� Ä æ	ñ�ñ�Í�Ð 1 µ-ÙX¨ ©_Í zH{!�� �õKöÔÓ�Õ �O�)HÖ " Pesc

¼�û U °6Ð n µ�¨ ©!Î�Á zH{
�H ÁB×Yò Ä )�ÖY¾ (1−Pesc)

n
Í�Î ÄZÙ Í�Ð E � � ÙZÆ-Ç�È	ÉsÊ Á z�{ ãMä Ä ¥�ì Ù�Ø�È ¾

N(≥ E) ∝
∞
∑

m=n

(1 − Pesc)
m =

(1 − Pesc)
n

Pesc
(2.3)

Í/Î Ä æ�Ù (2.2) " Ù (2.3)
Á�Ú!Û� Ä ¼ Ð

N(> E) ∝ 1

Pesc

E

E0

−γ

(2.4)

¼»� Ä æ¦ñ-ñ�Í
γ =

ln
[

1
(1−Pesc)

]

ln(1 + α)
≈ Pesc

α
(2.5)Í/Î Ä æ¦ñ Ù ÞZ��Á6Ð ���6È5��z�{ Í�¾ [��YÙ�Æ�ÇZÈ�É�Ê�Ô�G�IÕ È1Y�� ^F�_ã�ä Ä æ

knee
Þ[Ï¬Ü&, Æ�ÇZÈ�É�Ê��� �Ù ¹�ºZ»[¾IÐ #�Ý+¦�Þ�ßYÙ�¨!Ä+Å Í���à Ù�|!} Á�Þ[Ï z�{ ãä�Ð!á+â!ã Ç ÁBä %Kö ä�à�á+â�åZÁ�æ�çÀè&s ö ä/à+, Ä Ð ¼TÆ %Kö ä�à+, Ä æ

knee õhö ankle
òZÍ Ù��! YÙ ¹_ºZ»���á+â+é/å$ê!ëü¼�ãMä�à+, Ä�Y Ð¦ç Ù�ì 	X, z!{+|!}¾�òH�Kí õ ß�à�,!�+,Zæ knee

Í Ù�ÔHG8IÕ È	ÙXe äZf Y Ï Ù6ï&î�ÙKD ~h¼�	rà+Æ %Kö ä�à�,Ä�Ù ¾�Ðñ ÙsÆ�ÇZÈ�É�ÊK� �$Í�¾O£!¤�¥�ì Ù ± ÊH¾_ØXï�ð�Y á!â/ñBò Ù�ó ã�Þ�Ï���ô�^���Ä åHs�Ð�¥$ì Y á+â�ñXò Ù�õ Á Ó/Õ �8	rà�,?uö�÷ Y C ä Ä Ð ¼$,���� Ù Í�Î Ä æ�£+¤!¥�ìÙ ã Ç;ø Í Ùnö ��i�ù�P Ù ± Ê�¾/Ø�ï�ð ¾XÙ (2.6)
Í�ú %hö ä Ä æ

rL =
p

ZeB
(2.6)

ñ-ñ�Í
e
Ð

Z
Ð

p
Ð

B
¾�Ð�û�¤+£-Ð$¹_ºs»!¥�ì Ù6ï ì+ü�ý�Ð1ã Ç ÁBþ�ÿ�� �8�-Ù ù�P�p�Ð�ã ÇÙ�� ã6Í/Î Ä æ+á!â!ã Ç ¾�� 3µG

Í�Î Ä�Ù ÍZÐ 1015eV Ù ëIì�Í�¾ rL ∼ 0.3pc
¼»� Ä æhñ Ù�Y¾�á!â;ñBò Ù�ó ã�Þ�ÏÔ�¦ã�, Y Ð����!ù�P Ù ö�÷ "BÈ í�� Ä ¼ Ðmñrä � � Ù�Æ�Ç�È[É�ÊZ"	W~�¹_ºs»YÁ�
3	rà/¾�á+â�é�å �	Ù æ/ç�è8sOö�÷ Y ö�^sÁ���� Ä æ9ò�å�Ð� ÙH¾�¿�È Á�û,�à�¾6Ð

1015eV � ��Í�¾	ñ�ä ����ÙsÆ�ÇZÈ�É�Ê��H ¼M¾�� Ù�|+} ÍI¹_ºZ» Y��-é Ð zH{ ãräà�,�à�Ð)ç�ä Y$Ô�G8IÕ È�Ù�� ,K¼$�	ß�à+, Ä Ð ¼�	rà+, Ä æ
ankle "T#W%/ÄIÆ-Ç�È�ÉsÊ�Ù ¹/ºZ»[Á�~+,�à�� Ð�¹/ºZ»�¥�ì Ù f�Ö ï+ð1Y á!â!é ÙXó�� Þ	ÏÞ[Ï¬ô�^��� Ä åHs�á+â�é/å�Á�æ;ç�è8s Ä ñ�¼�¾�Í�^���Ð ñ ÙsÆ�ÇZÈ�É�Ê��� )Ù ¹	º�»[¾Oáâ�é õ ê+ë½¼$Æ %Kö ä�à$û>Ï Ð¦ç Ù�ý-þ+�&� Á '+�+(�Y Î Ä ñ/¼ Y�Ð�� ãMä/à+, Ä æ
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J 2.2:
� Å	Æ�Ç�È[É�Ê ¹�ºZ» Ù�������� æ�¼$» Y ëIì�Ð��$» Y��[Ù��������" L��æ

2.2 � �"!$# %'&)( µ·¶v¸¹_ºs» Ù�ø Í������+*-,�.8, Õ0/�1�IIÔ_Ù�D ~ Y � Å�Æ�ÇsÈ�É$Ê ¹	ºZ»�Í_Î Ä æ�� Å	Æ�ÇÈ[É�Ê ¹�ºZ»ü¼M¾�Ð 1020eV _ \YÎ Ä ,�¾�ç�ä � � ÙsÆ/ÇZÈYÉ$ÊZ" 	W~Z¹�º�» Ù ñ�¼ "02 	�Ðñ�ä	ò�Í�Á
AGASA

í
HiRes

�43 Ù65MÈ_Ê Á$Á�Þ�Ï<ó$ô¦ãMä�à�^�å�æ?	 õ 	 Ð�ç Ù ê�ë�í879 |!} ¾�òH�O�[Á;:)òIä�à�, Ä æ ñ Ù�< Í/¾X� Å�Æ�ÇZÈ�É�Ê ¹_º�»>=?YÁ Þ ãMä	å�@BA�CnÁ~�,�à_òY¼$s Ä æ

2.2.1 GZK cutoff

1963 Ò ÁM¹_º�D�E Ë-Ì (Cosmic Microwave Background Radiation
Ð ��� CMBR) Ù Â-Ã

Y á-ânãrä/åHÿOÎ�Ð Greisen
Ð

Zatsepin
¼

Kuzmin
¾6Ð�� Å�Æ�Ç�È	ÉsÊ ¹_º�»�¾;7 9 ø Á_ñ Ù

CMBR
¼ ¨ ©/	 àXô�^»� Æ�Ç6È�É�ÊGF8H�" ê)ñ �ñ�¼ "I2�J 	rå�æ 2.7 K Ù CMBR(∼ 10−3eV)¾IÐ�¹_ºs»�ë�ì Ù;K�L é�Í�¾ 100MeV "»VW%�Ä�Å	Æ�Ç�È[É�Ê$Ù>M ²XÃ�»½¼0N���Í�ÎhÏ Ð�ë�ì¾ Å ,K)+Ö�ÍZð$ìOQP ÊR Á�S�êã6ä Ä æ6OTP ÊR ¾VU ø ÀIì "MË �8	�à�WXW Ä å�s�Á�Ðô5^�� Æ�Ç�È[É�Ê;FH�Y ê¦ñ Ä æ

γ(∼ 150MeV) + p( K>L ) → ∆(1232) → p + π0, n + π+ (2.7)

òså�ÐKñ Ù O�P�Þ	Ï��ÀÜ&, Æ�ÇZÈ	É�Ê Í�Ð pair production(γ + p → p + e+ + e−)
Á�Þ ÄIÆ-ÇÈ[É�Ê;FH � ê¦ñ Ä æ
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J 2.3:
¹�ºZ» Ù�Æ�ÇZÈ�É$Ê�Ô!G�I>Õ È Á�YZ9ã�ä Ä GZK cutoff

æ>[�¾
1
~ Ù ë Y ,?a~ õÙ red shift(z = 0.004 ∼ 1.0)

Á�Î Ä ¼]\�^3	6å Ç�È æ�_B`�ë Y�aQb�c�dfehg�i�jBklehg�m>n
c�d6o�iqp]rs�n;tBu�j evolution model v�wyx>k \>^ e�z�{|}

~
2.2 v;�����Bn����Qb�aQbv8����j0�����l�f���T��}y�0�Tv��0����� 1020eV ����n����

n������� ` 50Mpc �����6��j��6k�o��sTj�}w4��g����>�Q���> f¡h��z 1020eV �6�n��
��� ` �Tmln;¢�£�o�����s¥¤ 50Mpc �B¦�v8u����6��uV¤�u�i�}>§-v�m��¨�T©«ª>¬Bn;£�s¥¤®¯ ¡h��z������ ` �±°�²u�vh³Bi�´�µ�¶·8¸B¹�º��G»f��g�i�g-¼G�T½�¾4¿>v8¶�·�¸Q¹�º6�0À
i������T� ` 1020eV ����n;���8�yk�e0g��> Á¡;�Qj�}
���l�Qo����Â�-©�¼+Ã-i�Ä��6ÅT����jh{6| ` �fm8���Æ¨nl¶6·�¸B¹>º�Ç�Àq¼G¢fÈ>j�} 2 ×

1019eV ����nG����8Ä8�lÅ ` CMBR É��Âk�n0Ê8ËTv���j photo-disintegration v��h�+g 1Mpc

��zÁ© 3 Ì 4 ÍQn;Ål�V�GÀyxÎ}�w¨��g����� ¥¡0�6z;Ï�³�¶�·8¸Q¹lº;���8�To>���Â�Q©ÐÃTi�Ä>�
ÅT����j0{| ` �¥m>n�£ ` 20Mpc �-¦8v�Ñ>Òqe0g�i�u������luf¤�ui8}
���>n���x+u�ÓlÔQv6��©ÕÏ�³�¶�·�¸T¹8º;�6��� `0Ö>× ¡0�Qj�n8�����l�����l V¡G��j�¶>·�¸
¹�º�ØlÙ-ÚÜÛ«¸Tv ` 1020eV Ý�Þ¨v�ßTià¨áVÛ«âQã�o�ä��QjQk0å�æf¤ç�6g��è©Õ�é�h�o GZK

cutoff k�ê����Qj�¼�n8���j�}¨ë�z��V��n�àBá-ÛÕâTã�o�ä6�Tj�¶�·�¸T¹�º�ì�íV� GZK ì�íqk
êî�} ~ 2.3 v�ïñðòu��T�l��£¨n�c6d�ó>ô>¸6sÜ¤]õöÜ¡;�-j8¶�·�¸B¹>º�Ø�Ù¨ÚÂÛ÷¸4�G�èehg
�6j�}�øQæ���>£To�����aQb�v�ù�ï¨v;c�d��Tj0{| ` � 5 × 1019eV ��ú>ûTu����Qo�ä��BjQk
õöÁ¡h��g�i�j�}��� Á¡;�QjGÏ�³T¶�·�¸Q¹�º������-nlØ�Ù-ÚqÛÕ¸�o¥°�nT�Tx0u�ü�ý¥�0����s
o8�����8�>£¥�Gþ�ÿ��Tj8���6n;Ã��-u��ékGuB��g�i�j�}

2.2.2 AGASA �������
	
AGASA(Akeno Giant Air Shower Array) ���
����������������fk�mn�Þ��4n�³Ä ( ��� ³ 900 m) v"!�#Q¡h��z�a%$�&�')(�º��> �*�#>�6�6j�})+�, 2.2m2 n�-%.�Ø0/Áá�Ú0&21
/43�º65 111 7�� 100km2 n"8�9¨v;: 1 km b=<>��!2#4e�z�a%$�&�'6(�º%>?3A@>���¥¶·8¸
¹�º�o 1020eV ���n������ (super-GZK B�C ) � 11 B�C>�> qe�z�}

AGASA v��8jG�� ����>Ï�³�¶·�¸T¹�ºh�����-v8r�i�g 2 r6n;D¥È�u�E"FV�AG>¢qe0g>i�j�}
ë�HJI�ùTv;�JK%L�M�u>ì�í¥�T©�¼���j�s�v;N pçn super-GZK ������o��� Á¡0��g>i6jQk�i
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~
2.4: AGASA v�����g��> f¡h��z�ùPO>���8�-n�¶�·8¸B¹�ºlØ�Ù-ÚÜÛ÷¸

x��6kò��j;} AGASA v����;g��> ¥¡0�6z�ùPOl�6���Qn�¶�·�¸T¹�º�Ø�ÙQÚfÛ ¸-� ~ 2.4 v0�
��}RQ�i"Sl���0�����l£6o�ù8ï=T�¬�M>v0cdÁe�g>i6jTkVU�WÜehzh{�|Tvhµ%X4¡0�Tj�Ø�ÙQÚÁÛÕ¸
�6��j�}¥��n ~ vh�Ü¡h��g�i�j���x;v�� AGASA n��> qe�z�¶�·�¸B¹lº�Ø�ÙBÚÂÛÕ¸2��� GZK

ì�íQn 1020eV �RY�ælgVk[Zh�Tj���k�uÂp«³�¶�·�¸Q¹�ºvP\ls���g�]Tilgi6j�} AGASA o�^
!6��_ 10 `-bv;�� Âe�z super-GZK B�C0ab� 11 �6��j�o�� GZK cutoff sÁ¤]µ%XÁ¡h�Qj�B
C0ab� 1.6 ���f© � AGASA n��� c� GZK ì�íQn�Ñ�Òyk 4.0 dòn"e�f%g��[h%iqe0g�i�j�}
I=j4v��Â�0�Â¤0n;���8�b�;k%l�mÁ¤nT�¬�Mv;o�_4prq�s2t�u��wv�x�ù�y��"z�£2mÁ¤® ¯ ¡
�%q%s6t��6x0v"{�æ6t���|����t;} ~ 2.5 � AGASA u��� }p;z 1019.6eV ��%xh����� 59 B
Ccx;o%_�¬�\��R~0���  �� ��-%�Bá4Ûrp�zB¼[xl�6�6t�}6o%_�¬�\������"T�¬bM�v����wp�q��
©Õ�P����x"l%�cx�¬c\����w|rx%�4¤�m�u����=��{6�%mQ��q%s�u�s�}�p�m
pç� 2.5 �®�-¦8v 2 B
C�����tJs%� 3 B%ClÃTu���z doublet � triplet B%C6u�� 6 ø�{���m���q�s6t;} AGASA xro%_
¬�\��0�6��u 1.6 �Î���t6��|���å����2t�|]�Â�G�Ü¤RxrB%C��=��ù)x"z>£2mÁ¤  ¯ ¡;��z�¼[x
|Gå�æ0q[h%ib�lu�s�} doublet/triplet B�Ccx�¬�\������������¨¿;���������;�����=y������
x;��tR�����=+QuV°0|�����G»Bz�H��%T>¬�M����t;} 1019.6eV ��%x 59 B�C�x¨xr�h�%�=fcx
2 B�C�u��btò�0 �x;���-� ~ 2.6 vG�}phz�} ~ x"¡J¢�x�/�ºÚJ� ~ 2.5 vG�}phz 5 ��x doublet

| 1 �6x triplet B�CBv"£>Ôwprq%s2t�} ~ 2.6 x"¤��c�"o%_>¬c\=uP¥Pk�¦;T�¬bMl�6�6t0{�|b¦
µ�XÁ¡��btr�6�����)t�}è/�º�Ú=x�e%f�g�� 5σ �6�Ü© ������x�§%¨���©>²Ü¤�m)x�Ï�³-¶6·l¸
¹�º;������z�£2u���� � Æb¦;ÑÒ��ct6�2|��[ª¬«Ð��®p�q�s2t�}

2.2.3 ¯
°}±b²�³
Ï>³Q¶·�¸B¹lº����8��x�¢£´|=p;q6�0s4«µ��m6x�¶�·)uå�æ¥¤ò��q��q©«�}v��Ü¤r�"DfÈb«

�4��tb|ç� bottom-up ó�ô�¸4| top-down ó�ô>¸w|rsÁx 2 ¸%¹�x�ó>ô>¸c¦"�4�4¤ò�bt�}����
�6�%v���º��2x�ó�ô�¸�¦���s0q=»��l��t�}
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~
2.5: AGASA u�� ¬p�z 1019.6eV ����x��T����x"o�_¬c\[����}�¼�½�x6¾�u doublt �f/

1�Ú�x�¾Ju triplet �6��t�}¨ë�z"~>�b�����0+�6Q��c���>���0+¥�R¿���}

~
2.6: 1019.6eV ����x 59 B�Ccx4x;�����0fbx 2 B�C)u[�
tG�� cx"���
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10  eV at     = 1
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10  eV
12
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10  eV at     = 1/300

β

20
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White Dwarfs
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Size
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~
2.7: 1020eV ��YTæ2tGÏ>³Q¶�·�¸-¹�º����l��x�À�Á£�¦�Â6Ãy¤+�bt;��Ä�{�x�ª¨¡)|nl���x

DfÈ>¡)|]Ï%D%À0ÁT¶�·�¸B¹lº�x6�;Å6}

bottom-up Æ�Ç�È
Fermi ÀPÁQ�%t�s��0v=x;É�x�Ê�àPË0Ì0Í�¦����rq��0Î)s�¶>·�¸�¹8º0x0�6���4���T©«³�sl¶·
¸�¹8º�Ï®|VÀPÁ}p �;Ïl³�¶>·�¸�¹8º0�����¨�+ ¯ p�q0s�t� ¯ £6ó�ô�¸Q�AÐ0ÑÒpRq bottom-up

ó>ôl¸}|0ê>î�}
������Ó�Ô%Õ���u���tr809B�[À%Áf¡���th{�|���Ä�{�¦T��t�Ö-�R×¨��q[Ø�Ù�¬�\�u�Ú6Û¨¤ò�
t=x�����À�Á%8092Ï)x0Ü�Ý�Þcß�à�áV��Â��¨�2|���À0Á¨ì�í2uJâ4ë¥©Õ�

Emax ≤ γeZBR (2.8)

|�©)t�}Á�>��� γ ��Ê�ã%äcx6��º?3[1;å�ã2æ�Ú%58º�� Z �;���8�>Ä>��Åbx�Ä���ç0è�� B ��À
Á�809bx�Ä0é�x�ª-¡G� R ��À0Á�809bx�DÁÈ�¡����6t"ê�ë 2.7 ¦�� 1020eV �6�6ë��JÀ0Á�u�ì2�
©"¶0·Pl=��xrDVÈ�¡)|íÄ=é)ª[g���v2p�q�Ï0D=ÀPÁ�¶>·�¸T¹�º�x%�rÅ¨�ò�4prî�ê4�"x�ëPmV¤ �8�
� � v0xQ¼�x���ï)ð6��|G²Á°"x��� � ¦�l��b��Ï�³Q¶�·8¸B¹>º;�T�8��x"À%Á�£2mÜ¤�ñ�ÆÁ¡��
t��6|�u���m�t"ê���� � ¦Jx"l%�¬|0p�q��0ò�ù��q¿ró��%ô�uJ¶%·0l%���6��t�ê6��� � Æ�¢>£
x�¶%·4|0p�q6���6õ�ö��>��Å���÷b1rø���ùTºlØñÛ �6Ô�ä��>��������ú%©V°�uJûbÛ4¤ç��t�ê
������s4«n�%m6x"¶�·0l��T��x�À0Ábx�ì2�Pó¬|I�> ´|rx[ü=ý�¦���s�q�þ6ÿ�¦ëb|�ß2t�ê
• ¿�ól�0ô�� � +cx;Ä=é2u 1013G ��Y�æ6t6���A©6¿;ó��%ôb������Äl�>Å4� 1020eV ���ë
��À=Á��2t6��|Au�ì)�����t;ê}pRm�p���x����A©��
	c¦[ª%s�Ä0é2u�Ñ�Ò��2t�| ��Ó0Ô�Õ
�c�%&)1�Ú0�ÜÛ��61  ¯ ¦����;q�¶·�¸Q¹�º��0À2s��%¤���¦0��v=x�����©�³�¶�·�¸Q¹�º
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ë���x;À=Áb����ì)�>����t�|òå>æÁ¤I��q%s6t"ê�î��pI�2&)1�Ú0�ÜÛ��61  ¯ ¦��Jt�¶·
¸Q¹lº�Ç�À
�b�6¿ró��%ô � +cmÜ¤rx����
¦�ª´«���Ñ¬p+� � +�mÁ¤ 109cm �������2î"8
9Q��À�ÁÂ¡��2î�Õ>����DÜÈ[©¶�·l¸-¹�º�Ç6Àf���T��H�¦; ¯ ¡���t�� |�s��í¿��q¼��
t;ê-��x8ólô�¸�������Ï�³T¶�·�¸T¹�º����������
� ���! #" |Rs$��%�|"¦�©)t;ê'&�ó�(
ô*)�À=Á,+.-�tRÕ/(10�2b¦.��3/(#4�)�5�tc|76
8,+.-%q%s6tPx9);:�<�=*>#?;@BA9C.���
�1DFE#G1D�H
I*J'%KD/L�M/@ONQPSR�TBUWV
);<YX[Z#\B)�5�U�ê

• AGN � õ%ö/����4 (Active Galactic Nuclei, AGN) )�0�:1&�]1^/5SU/_
`�aKb;c�C;@B^dWe TBU�f�ghD�Z�i�>�?9@hA#C�N�j#(�DFk�lB>S?/@hA#COm#n�oWp�qBThU�r*j#(�s#t'0u�v TBU�w
x'^*y/z�oK{}|}U.~�x'^}y9z�o  %9UFr$�
�hn�: AGN )�DFs
t})S0K:h�
D�*� D.q
��x�m�D����h^�y�UQ��~
j�(1D/>#?;@BA/C��
��J����*)S5$��:�<
�
s/t*>#?;@
A/C
0 1019eV ��),m����$��-So#�*UFr

• ~
�O�/C�_�� AGN DF~#�O�/C�_1m����9-BU��
�1)S0;:�&.]#4* ,�¡qO¢�+.-BU#£�¤!aO¥
m¡���}¦F§B¦�¨9©�D��
�1^�y;z�o�ª#���/«
�*J�{Y¬Qo/�� 100kpc ®�VBX[¯�JSz.o
��U�r
�/D#&;)K°h^;ª��;~
w
�}JKq��,+.-�o#��U.��� (radio hot-spot) )�0�:9±�(#:
f�g�m�X
^.²�³�JK´}�#�9µ/>#?�@}A9C.�
�*J�¶�·�¸¹:} /º;j/($N!»Y¬½¼}µ�UW�
¾/D�¿
À*·9ªh+;DÁ�Â w/x*J;Ã�ÄÅnQo
��US%Sm!JW:
~��
Æ�H� $��6#8$+�-#o
��U�r�n� 'nÇ: hot-spot N�ÈÉ ~��'�WC�_#N�Ê�º AGN 0#��-#)�:�Ë�Ì} $�QDFÍ9ÎÅX�ÏÐ¸Ñ:ÒnQ 1X
%Q-*�;)S^FÆ
H�+
-���<#=}>S?�@BA
C�Ó�Ô/ÕhD�Ö�×�ØBÙ;À�Ú�m�ÛSÜ�·#�/r�Ýh^ M87(18Mpc) J���DBy É
·KqS� " )�5W-}�K: M87 DKØ1Ù�^�Æ#H#ÞSß}J�à�&WTBU�0/|�)�5�UKrh���;:
áO^Fâ1�;ãä D�å�æ}·;ç
è10 NGC315 )�:Å%�-*0 100 Mpc m¡Ï}Thé/UFr

• GRB �ê¨hë.ì;ÕSí}C/©î¥ (Gamma Ray Bursts, GRB) 0K:/ïîð�J ä zKo#��U�ñ�ß1D�&
)'X!<YX�ò�óB·'X;DSD9ô�ºS)*5Å��:�<�=B>�?9@1A
CFÓ}Ô/Õ'DKÖ�×�ØhÙ,m.õWöO^�÷SØOø
^�À�ÚÅn�o���UFr GRB ^*yWU�>�?W@BA/CFqO¢.ùh0�:�<#=}>S?�@BA�C�Ó*ÔWÕ " J9ô/öh^
À�Ú�n.o#�*UBm������Fx�ÛBD 1019eV ®SVSD�Ó�Ô9Õ�m�n�oSD/>�?W@BA/CFqO¢.ù'^�ú#û�÷
n*¸¹:Wü�ýh^.þ�iS·�ÿ��/ç�è�)�5SUFrYnQ 'nÇ: GZK ���BD��9µ�^.Ë�Ì�â�� 50Mpc ®��
^.Ã�ÄÅn�·S¾K-��/·,��·#�WrÅ%�D*y É · GRB 0 100 �h^ 1

u
	 ³Ån� ��/{Yn�·#��m½6
8$+�-#o
��UWDW)�:SÆ
H$+�-}U�Ó�Ô�ÕBD�Ö�×
Ø}ÙKÀ�ÚB0 GRB D�ØBÙ#^�à'&KT}US%�mQJ�� ^�6
8*)��WU�r�nQ OnÇ:$%Q-*��)KÆ�H$+�-�� super-GZK Þ#ß�m GRB DFØ}Ù#^/0F:��� 0���º� Bz;o#�
·#�Wr

• ����� ����� G ��C ��C�D�w�x*J 500kpc
	 ³BD�¯�JÅ�.N!Ê$zFo�Æ
H$+�-�o���Ñ:�%�-

0F<S�#s#tOD"! # ( $ 2.8) N&%h�'n�o��}U�rYn� �n!: 1020eV ®�V*�W)�Ó}Ô9ÕBJ�s#tY+
-��'m�n�o'X!:'���(�(�*)})�D GZK ���h^}yWU;>S?�@1A/C����*J��+�h¸Ñ:'���(��D
,
^�0�q��,+�-S·
�$m����$��-�o#�}UFr

• ������� �.-[�*·��/«
��m 20 � G ��C ��C�D�ª��Kw�x,N�Ê$zW���
�����}J;Æ
H�+.-So
�� :'�
DF�/�
+;0�s�tÅ+�-}�FÓ}Ô/Õ1D�0�ù21 3$N541�}U�r n� �n�: 1020eV ��)�j�(
NQs�t}T}U�^�0�:��#�Yn�o���U&���76 É n�DF�+�#+FJ�ü
ýh^981·*U�%*m�J:!2#})S5SUKr
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top-down ;�<�=
>@? D}y É ^F:7A.-}�W)�^�Æ#H,+�-���<#=}>�?W@1A�CFÓ*Ô9Õ$N�ã ä DFç�è#ñ�ßCB'D#j�(SfE :�Ó*ÔGFBD
H�Ihø/·�J�E'D K@LGMON9TBUPA*m�J�Q:R�LPSSUKrTA�U
��µ:V AGASA U
����WX ¸YU E F�ZOU"[O\�N;�2]�^_A�n`V(D
j�a�f E U
H�Ihø/· E FON&4}���9bÒnF�Kf E ^
cPd ¸
L
M'e�B�V f ä U"g�h�i2j@e�k'l�ç
è#ñ�ß'^"c�dÒ¸ÇL
M�e�Jnm�o_p&q�o#�}UKr7A É nF�/L�M
ePW
V@r�×�U*y É ·K´Pi�j:e(k'l�j�a*J�s/t/p&q�o
s�h�i2j:eOk'l
^9t�T}UBmQ� É bttom-up

L
M'e}^"uYn.onV top-down L
M'eYmQ���@qBU�r
® v W#��U��Y¸ º#  U
w�LCSSUFr
• TD x SHR U"y�z{x|u�}�~ ����a:��í,ë�U"���2V�T�·/Ü(�G�hën���*l2���Kë
U"s2�'�/�
W
�'U"�B^.{��+p9q���Ó*Ô@�B·�6&U
� �2��� (Topological Defect, TD) VB�9��W9g�Z
j
a (Super Heavy Relic Particles, SHR) �'V�� ��âC��LGy2z nFons h�iPj'e�k�lKÓBÔ
Õ��*�/{Yn�o
��U1m[T}Un���'eCL S�UFr TD W&�}��UF���2B@u�}�~h^}y9zFo@V g/Z��2l
£@���#ë�B+�Sa@�;©2����ëW^"y2zBThUhm����Å�Yq�oS�}U;r�A&q��9W:���G�,ë:U:� �!�
ëK£#¤ÇaO¥¡�*¢ �£s�¤1ø�^/¨1ë�ì;Õ2V�~'a�VC¥�¦Gl�¥
§9¨W^&y'zYnYV��©� ��ë"U É �&�
% �
¾n��ª�a�m�·�U�r GZK �����K��«�T*U1m¬VA
U��:®¯§°��LCW"V GZK cutoff y}� ´
��i2j@e�k�lGL W'±�a��nV h1��i2j@e�k�lGL W
¨1ë�ì;Õ��:²��#Àh^9·*UBm°³2´/p&qBUKr
SHR XYy�zO^*y9zKo@�µ�Ç��ë�£#¤[a'¥¶��¢OUn�nV SHR W cold dark matter m/n.o:���
�h�Gl��W^}X[Ã
Ä*T}U1m��#���¶qhU9�
µ:V GZK ���OU"·�¸+�5¹h¾W|"V*j�a2º���i jne
k'l'm#mWX�^9»�¼*T}UPA�m&W
·
�,m½³2´/p9qSo��*U�r

• Z í�lW© ¥¿¾�À �Ág'h�i�jne(kGl�U'¥P¦@lÒ¥:§&¨��@VSZSi*^*yWzFo����/â2�h^�à2ÂYn.o
��UQÓ*Ô@Ã�Ä(¥�¦�lÒ¥:§9¨Bm � �2¢2ÅÅn�o Z0 j�aÆ��¢î�ÇVO��U"y�z
{2�
f��:s�h�i2j
eOk�lFÓ}Ô/ÕÒm
n.oWÆ2È¯p"q'U
VÐmQTBU@����ePLCS�UKr7AnU
É2Ê�L;{ �/p"qhU'U2WSú
m`Ë�67±�a(L2S�U�r1�9�"V;Ó�ÔnÃ'Ä�¥ ¦nl�¥�§&¨nW9���
â��h^��+�F·�1�3��!Ê}º}b/`�©Ì lC��¢OU'UGLnV�Ö#×
Ø1Ù�ÀSÚ(W�÷�Ø1ø�^9·�U1m°³2´/p9q1U�r

•
� u�FOU"ÍPq �Îg�h(i2j@e�k�lGL W�°�Ï � u�F'^9Í�q2�PS,��V GZK ����L
�n«+p9q�o
�*U ∆+ {2��U
Ð(Ñ*øF{ ���n^_A*�.·��GVÐm5Ò�Ó@����eP�CSPÓKr���l+�Wë
Ô�Õ:aµÖ¬�
1011 �&4B�(Ó*y É ·�iCjGeOk�l��#�OLCW:V7A9qB�GL�° Ï � u FOU�×CØBø�Ù2Ú(�S·Op"q
o#�
·#����µ:V7A:U}y É ·
m�o(��Û(Ü�LCS ÓFr

A�UBy É&Ý V top-down ���'e LCW
V GZK Þ�ß��5gB�PÓ5s�h(i j@e�k'l�Ó*Ô/ÕOUKÃ�Ä��@àá p&q�q��"V'H�IBø9·�D/j�a�m¡ç�è�U E F��*4B�CÓ5bh�/·
â EPã U�ä�å#m�·�Ó*Û�Ünæ�� S ÓFr

2.2.4 ç�èOé�ê_ë�ì�íïî(ð�ñ+ò
s�h�i2jneOk'lFÓ�ÔWÕ�W�Ó*Ô9§h¦'LPUFò�óB·KñSß B'f ä U�â Eôó°õ ]9º���ö#�(Ó ó �#���
qnV�÷GU.Æ'È õ'ø W.ü/ý Ý9ù¯ú p�q�ö(��û:ü�ý*þ�ý¬VFñ�ÿ���� Ý���� ö	� ÓnU@�nV GZK cutoff

U�
�� Ý� ��ö:×2Ø��9e(l���� ó9Ý������ û õ�ø �����¶q ö���Ó ó ����� ó LCSCÓ
ü
s�h�i�jne(kGl�����U� "!�#	$�È��9ePl%�GW"V AGASA U�& Ý�' �)(  V HiRes(High Res-

olution Fly’s Eye) �CS Ó"ü AGASA �+*-,-.0/�Ù21�3��9Å��2û�$�È�4%5PÓ76 Ý�8 ý:9 HiRes;�<0=0>0?0@-A-B ÝDC�E $0FHG�I���9Æ÷�ý&ö GZK cutoff 6�
�ÿJGLKDM0N E&õ�ø GPO	,7ý"û:ü
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Q
2.8: HiRes RSO	,7ý"û�T�U�V�W�X�Y�Z�[]\^V

HiRes RSO	,7ý"û�T�U�V�W�X	Y	Z_[]\`V (2 a�6 @0A�B Y	b�X�cJdSe+6�f�g+$�F_6 õ�ø ) G Q
2.8 hiK"N�ü"�Lj"h CSE�ó 9 1020eV Glk�m E  %!S# ; 2 n0o%4-5Hpq9�Y�ZD[�\rV ; GZK cutoffó (�sý&ö-� E ü
��6 C �Lhit7u ;iv�w ý�ûi$7F õGø GxK/ý`ö�� E R�9 AGASA 6ST	U�V�W�XPy7z�{7| ; 18% 9

HiRes
'

20% 4"5�pq9 GZK cutoff 6�
���h  ��ö ;~}�� � ' y0z2� ��õ2ø ; 1+�Pö�� � ��9ó �J�P6�R+����4%5 E ü~��û�9 AGASA
ó

HiRes
;���� ���D� û��-� ( *0,~�H�L�~� @-A-B )

4�� = c%�"�SX"GP$0F_ý��0��pq9��S6�$0F-�D�-�+��6	T�U7V_W	X�y-z26��-���0�DR�Y0Z�[�\
V"6P���-h	�P�+ýi�-� E 6�4 ; � �'þ~�¡ 	¢¤£Pj-�0� E ü�¥�¦�9��%�ný&û7���~Gl§	y¯ýP�+97¨© T�U�V�W�X� �!�#_6�ªHGi§�«�N E �"�PR @ �+j"�-� E ü

2.3
¬� ®°¯²±´³¶µ�·¹¸»º¹¼°½

2.1 ¾D4S¿�À�û C ��h�9� �!7#�6"Á0ÂDÃ�[+Y ;0Ä�Å E−3 4�Æ-Ç"N E 6�4�9 � T�U�V�W�X��
��4 ; Á-ÂDÃ�[+Y"6�È0É ; 1030 h '���E üHÁ0ÂDÃ�[+Y"6 <¤Ê � 1014eV Ë"Ì�6�Í�T�U�V�W	X
6� �!�# ; 9 =0Î"Ï�Ð�Ñ0Ò0Ó � } 6�Ô-Õ-Ö~h�$-F-���DGi×-Ø�ÙP� <0=�Ú �~h�Ô�Û2Ù:9¤Ü�Ý�$
FJ£�j E�Þ Ùiß2ÙPT-USVDW7X7R 1014eV Ë Ú 6� "!�# ; 97à0á�â0|�RSÇ � �-ã�ä+9�$	F�h ;�<Ê �+å 1�æ-ç��éè��Sê ?�ë"ì R�í0î�4"5ïpð9�Ü�Ý�$0FJG�N E �"� ;7ñ-ò ßJÙ�� Þ�ó ��4�9�(ô  �!�#DR <-= �öõ0÷-ø%ù¤ÙP�-4 Ê Eiú ô  �!7# ( � = c-�%�SX ) GPF0z�N E �P�J� ì Ý-$-F
R�I%û0j%�-� E�Þ
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2.3.1 ü�ýÿþ��������	�
 �!7#�R <-= h�
��N E �:9 <-=�� 6��	/�� �)õ	÷-ø%ùïÙ�� ú ô .-/JG����]Ùl9�£D��h ó
j]�P6 ú ô .0/ ' .0/����HG�I � � Þ �S6����HG � p�� Ùl( ô  �!7#�R����_�%h <�� 6 ú ô
.0/� � ��E ��o~GP� = c����+X���o��"!�# Þ �+6�� = c����+X-h ; 9 © T�U�V�W	X%$�e�&
#Dß��'����£�j E�(�)+* Y,%X.-��:90/1-32�e+h C�E � * Y�,%X4- R"5 E�Þ© T-USV�W7X	65$�e6&+#�6�7�8 ; 9 ( / 8 ���h C p ( / �:9 ( /HGPø E�Þ �ijï�i6 ( /-9
9 ( / ;<;�=%> �_h C7� ��$�e�&�?HG > ��N E�Þ T�U�V�W�X E 6 ( /2h C7E ;�=5> �_6A@�æ
ç σbrems.

; 9 ô 6 Bethe-Heitler 6�BD4+,ï£�j E�Þ

σbrems.(E, v)dv =
4Z2r2

e

137

dv

v

[(

1 + (1 − v)2 − 2

3
(1 − v)

)

ln
(

184Z−
1

3

)

+
1

9
(1 − v)

]

(2.9)

C5C 4+9 v = hν/E 9 Z
;�D XFEDÃD\P�:G E �7/%�D66�7/%HJI09 re

;<KFL ( /5MN%4-5 E�Þ�O��
�S9 ;=J> ��h C�E fAP%QJ£AR�ã�p 6�T-U�VDW�X6S�T (dE/dX)brems.

; Ë�Ì-6 C�U h�V%� E�Þ
(

dE

dX

)

brems.

' − E

X0
(2.10)

C�C 479 X0

; ( /26	T%U7V_W	X	R 1/e h%G E Q¤£+4FW��-è��6!�Û�j�9~Ë�Ì%6 C�U h�zX]£
j E�Þ

1

X0
=

4Z2r2
e

137

N

A
ln
(

184Z−
1

3

)

(2.11)

C�C 479 N
; �5Y�$Z-[2�\"9 A

;]D X5EJÃ~\^�-/��26<_ � \�4�5 E+Þ X0

;+<�= 4 ; � C�ó
38g/cm2 4%5 E�Þ�`Ja 9 ( / 8 ����6J@Sæ�ç σpp

; 9
σpp(hν, u)du =

4Z2r2
e

137
du

[(

u2 + (1 − v)2 − 2

3
(1 − v)

)

ln
(

184Z−
1

3

)

+
1

9
(1 − u)

]

(2.12)

�bG E�Þ C%C 4�9 u = E/hν 9 E
; ��J£Pj E�( /�6�T%USV�W	X%G�5�c:û0N Þ C 6F@+æ-ç�ßdc( / 8 ����6 interaction length R�e�ädc j79���� ��Ù���9
(

dE

dX

)

pair

= −7

9

E

X0
(2.13)

��G E�Þ�OJ� ��9 ( / 8 ��� � ;�=5> ��6 interaction length
;5f �-|�4"5 E C �LR	û�ß E+ÞC 6 2 g�6����HG"h p�� ÙP�79ji%\_6 ( /�9	9 ( /%90$_e6&F?�R%g � c j E �"o�R (�)+* Y

,"X4- 4"5 E�Þ .	/�\DRlk < Ù 1 .	/250ã�pL67T%U�V�W	X7R�Æ�Ç�N E �)9 <-=�� 4"6 (m S
TDR�n%o��"G]pð9 ( /���p�R <0= h%qlr¤£�j%�Fs�t�u�\�RSÆ%Ç�N E�Þ ClvAwJx T�U�V�W�X�y
� =��Fz y 74MeV

z�{ E�Þ
`5a�|}�~ ? v<� ��p z�{ E 9At0G } v /�-:2�e�R <%= ��t����:õ-÷%ø�ù�Ù�ãl7]8_h�y |� �7ì t | K

�7ì t+G } v /�-32�e v i%�����DRF� Ê E�Þ ���¤£�j�ã ú ô s%t v <%� p0yl�
���-h � ��ì t��bG E�Þ2ó v U � π0 y6�j�l�� z 2 � v $�e�&�?�h6�5� Ù |�(%)j* Y,�X�-
G"����N E�Þ π± y τ = 2.60 × 10−8sec

z |
π± → µ± + νµ (2.14)
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 c
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ππ

π
ν

µ

ν

µ ν

ν

ν

γ γ

µ

θ

µ

θ

µ

e
e

e e

e

e

0

+

-

-

-

+

+

+

-

+ -

Q
2.9: � = c����+X v<� B Q

v C]U h��%�DN E�Þ µ± y τ = 2.20 × 10−6sec
z |

µ+ → e+ + ν̄µ + νe (2.15)

µ− → e− + νµ + ν̄e (2.16)

(2.17)

C�v C]U h����Ù | � * Y,%X�-:G"����N E�Þ <0= v Q+��y��-õ	÷�ø�ù vF�%���F� I�� vl�
10 � |�( t v <-=��Az v W��-è vl� 25 �~h+�<G E v z | Ë Ú v CjU GF� * Y�,"X.-�� (�)* Y�,�X.- v h p���Ù+h C p | i\ v st�RF���ï£�j E+Þ�Q 2.9 y CFvl� t¤G � B~��h�V Ù
ã+� v z�{ E�Þ

2.3.2 ü�ýÿþ������0������� ¢¡
� = c����+X � h�£2�+j E s%t v u�\DRFk < N E hAg0j%� | �Z¤ v s%t v�¥ g-T�U�V�W	X
y+Æ�Ç�Ù | w5x T%U7V_W	X Ec( � =¢�Jz y Ec = 81MeV) h�¦�§ � � <�=¢� v �t | p�tHhC�E�(5m ST�R <�Ê�� Gïp |�¨5© h�T-U�VDW7X"G"T � � <-= h%q<rJ£�j��~Ù+� UéÞ_ó v ã7ä |
� = c����+X � v s%t v u%\¢y { E�ª0« z Æ�Ç_h�¬� E+Þ Clv C�U G | � = c����+X v�® �
Ù�ã�¯_ � h�°�N E s%t�\ v È�É0yl± a	² O�³ (longitudinal development) ��!�Û�j E�Þ
T%U7V_W	X	R E0

v ` � v<´ t�RAµ�¶~h<
�� Ù�ãH� Ê h���A·���¶Hc�����X v ± a	² O�³
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hAg��	��y | ô v ¦�¸BDR7ù]�dc j+· Þ
Ne (t) ∼ 0.31√

y
exp

[

t

(

1 − 3

2
ln s

)]

(2.18)

y = ln

(

E0

Ec

)

(2.19)

s =
3t

t + 2y
(2.20)

C�C z
t y |�( t v µ¶ �Fz v W��0è (38g/cm2) ¹�fAP��:ºj·0c����+X�R ® ��Ù�ãlµ�¶Qï£z�{ · Þ s y-c0���+X v O5³ ªj« ¹:V]ºA»_Â¼�X D<z T-��½�»�Â�¼�X D �"!�Û�j+· Þ C<v c0�

�SXJ¾���½5y%c-�%�SX v�¿ ³��-�A�Sh ó v<À y�k�Á]Ù | Ne(
� ( tÃÂÄ9 ( t\ ) Å+¨�µ_hJG�·¿ ³ ªj« z s = 1 �"G]· Þ}�~ ?]9lt�Å<���ºj·i�%¶	Æ	�-�<Ç�h�g�����y | Gaisser � Hillas

v6È%É h6Ê�ËÍÌ¡Ë%Ì v B
Å7ù]�dc[Î����]· Þ

Ne (X,X − X1) = S0
E

ε
exp

[

Xmax

λ
− 1

](

X − X1

Xmax − λ

)
Xmax

λ
−1

exp

[

−X − X1

λ

]

(2.21)

S0 = 0.0451 + 0.0217 ln

(

E

100TeV

)

(2.22)

CAC z |
ε yi�A¶]Ïb°º�· w<x ¾JÐ�Ñ�ÒlÇ z 74.0[MeV]

|
Xmax y5Æ��+��ÇL¨Jµ ¿ ³AÓ�Ô [g/cm2 ]

|
X1 y ` ô }]~ ? v�Õ�Ö	v õ0÷%ø"ù v Ó×Ô [g/cm2]

|
λ y<± a+² ¿ ³ v attenuation length

z
70g/cm2

z�{ · Þ` ô }�~ ? v ¾�Ð�Ñ0ÒJÇ v�Ø ��y | Nmax(
Õ µ ¿ ³ ë v s5t\ )

v6Ø �¢Ù"G ��Ú<Û Î |+Ü�Ýó
Nmax ∼ 2×E0 × 10−9(E0 y ` ô }]~ ? v ¾�ÐFÑjÒ5Ç , ÞFPàß eV)

v�á6â Å { · Þ0ã ã | f` v ` ô ¾�ÐAÑ+Ò5Ç z�{ ·"7�8 |�` ô }]~ ?�s%t�ä v�Ø ��y X1

|
Xmax Ï Û Î | �+���%t��å¢æ

X1

|
Xmax

v<À ÅFçèÔ	ÌéG]·6ê ² Å { · Þ C Î]y | �+���%t�� å�æ µ¶4Ù v õ0÷-ø%ù�@
æ�ç�Å�µ×ë	Ì Ý+ì Ú�í�z ¿ ³0Å�î ã · C Ù | Ô�c6Ï�ï%tdRJð ì v ¾�ÐFÑ+ÒÇ%Å�ç�Ô	Ìé¾�ÐJÑ
Ò%Ç�ñp�ò�ÅJó.Ìõô+ö C Ù�Ï Ý ·<÷jø�Þ�Gù%ú%Ñ z y | Xmax ∝ ln(E0/A)(A y�_�û%\ )

z�{
·<÷�ü�t |�ýþ t�ï	Ï Ý · í ¶�Æ�ÿ���Ç�¹Æ������"Ç�Æ	��
� Ú e���ð�± a+² ¿ ³�����¹��
2.10 Ï���º�÷

2.3.3 ��������� �0��!����#"�$
Æ%ÿ%�<Ç�&	Ï('�)+*-,/.1032+4#516%7�8(9 í1: Æ%ÿ%�<Ç#0<;#,�.36%7 (lateral distribution)

Ù(=1>A÷�?%@�A#B1C�ÇEDF0-;1,�.G67#2#4%H%I ρ(r) J-K1LNM+*�O+P�Ï Ý+ìRQTS Î+9/U�Î�8WVX � Ú�QTS Î�ð10ZY Nishimura-Kamata-Greisen(NKG)
á 5�[�9

f (r, s) = C (s)

(

r

rM

)s−2( r

rM
+ 1

)s−4.5

(2.23)

8<\�] Ú 9
ρ (r, s) =

Nef (r, s)

r2
M

(2.24)

Ù_^ `�a]ÙbY%[0ëZcl÷ r Jed�ÿ��Gfeg�h i S 0Gj+k�9 rM J5ùmlonef�Ñ�p1q	r�s ( ?#4�Y 1 tu1v ôjöewx�ôy#,�.#i Sbz#{ c<j#k ) 9 C(s) J3|%}ò%~#59 Ne J<�?#415�[e��c�÷ s J+n���3�N�%� f��G[e��c�÷�]��_�ie0+n �e� x Ü � c(;,�.G6e7�8�� 2.11 x<���<ð�÷
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� 2.10:
í1: d�ÿ��Gf10-�1,�.-�#�

� 2.11:
í1: d�ÿ��Gf10-;1,�.-67
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2.3.4 ��������� �����������
í1: d�ÿ��Gf10-�1�%,1��J-�èë���6 �AÚ 9 í%: d�ÿ���f%��� � Ù(=� { c��15�0<�^%���  x ¡�c��1�%�£¢¤9�� :1¥1¦ �N0 2 ä#§�Ye�ec<÷
¨�©1ªe«+¬	(®

�+5�032#4���   8b�%^�x-¯/°��(±�²%³/`�c í%: d�ÿ��Gf-214�8W����`�c a�¢([G´/µ��¶8
�%��`/c�·/°/8 í1: d�ÿ��Gf�	� � ¢�=%¸�9�¹�nº�»�¼+f3´�µZ��03��1�E¢1�(±�½1¾�M%xGy¿ { ±�ÀFð�÷í1: d�ÿe��f32#4�J-9 90% 03?1@%Á16 ( ?#4e9�ü�?149 ¦ 4 ) ¢ 10% 0N�G�Zf�Â�
oÁ16%9¶ÃS x3Ä%ûN0GÅÆDÈÇ�
oÁ16�i S Á�cl÷£a�0�É3Ê�?1@%Á16T¢+���#f�Â¶
ËÁ6�8����`�c(���   ¢
��±GÌmÍ(ÎZÏNM%x�\ ] So{ ±]/c#0+YZ9mÐ � B1Ñ	r�Ò+d 
�Ñ��(f��8�\/]�ðed�
�Ñ£�bf�d¶�

o���   [e��c�÷	Ó%ð-9%ÔNx����#f�Â�
oÁ16N0+Õ 8WÖ%×�Mx3����`/c%ð+��xG9md#f�»ØDbÃ {
ðed 
(Ñ��bfed���
Ë���  Ù1Ú#Û OZ5�Ü�i S * c/���+f�Â	
o���   8�ÝNx-¯/°1`�cWÞ�ß¶Í��
c�÷�Ã S x<9 í#: d5ÿ1�-f�&Nx�V/]�ÅØD¤Ç�
ÈÁ#6�8b�1��` cAðZ�ex<9GÅØD¤Ç�
3AeÇNl � f���f
8(à/á#±]�c í1: d�ÿ���f%�	� � Í��ecl÷í1: d�ÿ��Gf%�	� � 0<Þß%9�Î+â#´ µ���03²%³%,�.%J Ú+ã Mlø�ä x3å�c a ¢bY[�À#c<÷ í: d�ÿe��f1J3æ�] � 
�Cefeç�èN032#4é ( d�ÿe�Gf�êZë ) 8bìÁ��(±��1^�x�²%³ `/c+0Z[�9%í
���  eî 03214N0<²ï ð�w-ñ�i S í1: d�ÿ��Gf%03²³%,�. 8(ò�� SË{ c#0Z[��ecl÷/Î+,%9�Î
â1´�µ��N0Zneº�»�¼#f1J�9/í1���   [�����Ã { ð3214%5eH1I�i S í1: d�ÿ���f<�eó [�03;,
.G67�¢_�%21415	8Wô%~ `�c a�¢([ QESË{ c<÷õ�(i��+a { x#J�ÅöDËÇ�
Ë÷%øeù\�8Gú�û��lð
�%|1ü/*ù�
�ýeA�»NÇ<O+P¶8�þ#ÿõ¢ `�cZ0#[�9�ÅöDËÇ�
o÷#ø%ùe\/0 ��� ~���0����	8
	 � c
a�¢�J�� ��So{ *1]�
���������

� :%¥#¦ �NJ-9�� : d�����f32#4�03?1k����N0�Î��Y ¦ x! �"�Ã { c�a ¢G8
#�\%$'&/Í�0
[��ec!�
¹/neº�»�¼#f10)(1?1214NJG� : g�[%Ñ+*-,/.�0�1 ¦ 8(� `�c!��Ñ2*3,/.0�1 ¦ J-2#4N0!4
y1,�.x<V�]�51INx�6 u Ã { c!�TÃ S x a�0�Ñ+*-,�.�0�1 ¦ ¢�J7%�/x39/¹�nº�»�¼+f%0!(
?%2#4/Y�� : g898�: `�c�¢ZÀ�x!;�<�*>=30-� : 614¶8@?�AB$Ë9�a�0!?�A�Ã { &3� : 6#4�iS ¥#¦ Y���C SË{ c)��`e* ¿ Ê<9e� : J<´ µEDNx!FG$�±�d�.�ÑH,(f��+f�¢�$<±�IØ� ¿ � [��
c�� 80MeV 0�?%4NY 1

:�J 0�� : g�8 1m 8�:K$�&GÞ�ß�0�� ¦e¦ 4e5�J�L	¡�U 4 M�[ � c
YZ9�N��*�d�����f-2%45�0�&�O�xed��P��f-�ó�[�0 ¦ 4%5�J 2 × 1015 M ( Î#â/n�º�»N¼1f
Y 1020eV 0-Þeß ) x�Ío�Q$ 9NU%0-� ¦ 0)R�S/ð�weJ 30µs TI�x#*/c)�¶a { 8 ¦�U�V�W�X [Y ¦ $¤¹�Z1I/[G¹�[�0 ¦+\ .9]�f1A �%� [/^�_/` { �G9-L�¡�U 30km

W ,/i S [�Ío�%��`�c
a�¢bY1[NÀZc)�mÃ S x<� : d�.�ÑG,bfed>`/. ¦ 0!6 u ,�.J!a,�MZ[��ec�&�O�Î#â#´/µED�0
²³1,�.ex ¡ Soz �%��8�yTÉZa�¢(Y1[�À+c�¢(]¶Éb#�c/Y��ec'�TaG0/¡ Éb*�� :1¥1¦ �NJG9�d
&1*�� : d��P��fG�%��0G,%�E¢�$<± 1960 e�f�g2O�x)he9 Greisen 9 Chudakov *i=-x�¡�j�±k�l Ã { &��
� : d�.(ÑH,bfed>`/. ¦ 0-�1~�x ¡�cGÎZâ%´�µ�D�0G�1�NJG9/�¶À���6 � ±
1. � : d�����f<&�0!m�n%Á
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2. � : d�����f10-�1,�.G�#��0!m�nÁ
0 2 oqp 8@r ±�y ¿ { c!�Z´�µEDN0<²³1,�. ( d�����f<& ) J ¥1¦ 0�s�t�i Sbu ä/x�ò2O�c�a
¢ Y1[�À�c��<ÔNx<9 W k { & 2 v10 V�W�X [�d����-fe8-B+ýG,_Â��#��`/c/¢_9�U {PwG{ 0 V�WX Y�xqO�&d�����fGê#ë�0'y%ñH$)&'D�Y�´/µDN03²e³,�.	¢(* c ( z 2.3.4 ) �� : d��P�Gf
&¶8{x1~H$!&'|19�Ã S x<âN0/¡ Éb*'}�~ [/� : d��P�Gf10-�%,�.G�1��0)m�n%Á	8G`�c)�

i. � : d����-f%gZ03?+4 1 �1i S ¦ ?#4����1Ü�x�²#��` c ¦ 415�0)������8(9�U+0<?+4�0
�/w1MZ*)�/°G9 V�W�X Ó�[03j+k i S � : x ¡�c{�������)�19Z· °��<�N�@���q�-=-8Gú
û�$W±�O�P ` c��¶a)� ¦���� x+J%dP.WÑG, fd3`). ¦�� � [��m� 9/Ñ�*2,'.E0�1 ¦ Í��
Ó { c)�

ii. �P�ex ¦���� ���1Ü�[��N�eÃ { & ¦������ ¢ i. [�O�P¶Ã { c{�-� Ú�ã $������Nd����-f
�<íZ�Z��c�[�� ���� �9���¶Í+ ¡�/¢ (2.21) ¢ Ú�ã `�ca¢o[ed���3f<�+�-£ � Ne(X)

�bò+O c!�
����d����GfZY��1^�x�²1�/`/c1Ó�[�x!�TÉWnº�»�¼#f�� 90% ¤�¥�¦)�>§�����¨�©�� ��� Á�ª
� ��« ����x�¡E¬�Í'��e��¬�E�e�#�	Ã { &�§����'¨-�+�-£ � Ne(X) ®i¯�¤�°���¢ (2.25)

x/¡+ FÎ+â#´ µED2��±º�»�¼�¨ E ²�x�Ó�¬!�
E =

ε0

Xrad

∫

Ne (X) dX (2.25)

³�³ �� Xrad ¦<����©���
´�µ�¶� 38.0g/cm2 � ε ¦�·��2¸
FP¹�¬!ºE»�±º�»/¼¨E 74 MeV

�¼�¬
�+ÓE&���§���!¨��
½�¾�¿�ÀÁ+�
Â � ( Ô+¸ Xmax) ®>¯Ã�<Î�â�Ä � �@Å#Ý�²!Æ�Ç��¼�¬
�³ �+ÈPÉ
¸)��·���Ê�Ë�Ì3¸�È¬@Í�Îq�¦��H§��P�'¨��)½�¾2¿)À�Á3�!Â � �{Í�Î+2Ï�¬��Ð�Ñ�Ò3Ó!Ô ¸qÈE¬@Í�Î3¸�Õ�7�¬�Ö�×Q¯�Ø�¬@Ù�Ú�Ûq²EÜÞÝ¡�2ß�à�áPâD2��±�ã/ä�å�¨2æ)ç3.�èé ä2ê�ë�ì3¸!í�îP¹+¬ ³ Ö{�BÝïx�ð�3Ï{�Hñ3òó-ôõ²/ÜqöE÷�ø ��ù � ³ �!¾�Ìq�±�ã/ä+å�¨
�9Î�ð�¹�¬¸�¦)�·���©���!À�Ë�������·���©���!ú�û�ü�Ë2�����ý�þ�)���/ÿ+����µ��������
ä��E¨����'������Ë ���	�	
	� �!Û � ���2����'¹���������¥�����öBÝ��	�+²�¼%  �������� � � ù Ý ��! ¹q¬�"�¦$#�%�P¦�&�öE÷

2.3.5 '�(*),+*-,.�+0/�132�4�5 6�7,8
9;:0<�=?>0@�A�<�BC= D
E ±�ã/ä+å�¨�"GF�H�Ä�Iq²CJ�KML�NPO�Q+¹�R2ÖTSUJ�K	V�I�W!À�Ëq¹UR)÷�X�Y>ÖZ&[R@û�\]"^�_ &GÝ`&UaøGb	S�Ë]"dc;e _ Õdf�g$h Ý (10−3s i�j ) k�l�¹URPæ$",N{Ê�ËKÖ{ö�ö?S*m3É n

&�ö2æ$",N�ò;o�ËQÖPp�q÷�r[ots*uZv�r0w?o�Ë]WGF�H�Ä�I�x X üU&M� _?y	z L�NZO�QU{UR?|} S y	z L�"GH�INZ~�� ù ����ãä+å�v�Nt�+ö;S*m�"d��ã/ä2å�v�"/ßC\ _ Ë Ö ù �$� Ó�� Ø
R�æ$"Cn���R�÷�����n�W�S��[| } Í�Î0NP�,&>É�������� 300 ∼ 400nm n�"���J�"!Ê�Ë�"���Ë
Q�� };� ö��?�,��R)÷
�dJ,"@ÊEË ( r�o�suTv�r,w o Ë ) "t�EË��d�UWtSt�úûd�C��n�WZ� } N+

2 first negative (1N)

band system(B2II+u → X2II+g ) Ö�S N2 second positive (2P) band system(C3II+u → B3II+g ) n
��R!÷
~�� � ØPøGV�I�"�����Q	� } W 3 O�� _��	�� Ø�R!÷
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�
2.12: ��J�rUoPs u v�r¡w?o Ë } ÈCRP�	J0r�¢�£?v�"�¤�è¥u§¦�Í�Î�"�¨�© �

1. ª��	«�¬	�Q	� ( ® \	¯�Ë )

2. �	«�¬��Q�� ( Ê�Ë�S ò;o�Ë )

3. V�I�°���ãEä+å�vG	±
ª���«�¬	�Q	�]WGS,~	� � ØPø�V�I _?² ±,��ãEä2å�vG�	��S³®�\�´	µ�S���°G¶ � } È�� Ê

ËU·3ÈG¸%ò?o Ë¡N ��« ù &�ö	n?���,{�RP¬��Q��Un���R'÷��	«�¬��Q���WGS[~�� � ØPøGH�I¹	º _ Ë	I¡NZ� Ó {�R,��Ö } È]�»S È���¼�ðU& ¹�º } ¬�,{�RPQ��[n,��R)÷0¤]½	o Ü�¾�e�"¿[À � &�ö$¬� } È�R���Ë _ Ê�Ë,SM¤�½�o Ü�¾�e]" ¿,À R�¬� } È�R���Ë _ ò;o Ë]n��[R�÷
i�Á�"�Â � "�¬	�Q�� _ V�IÃ®Gn,"�����Q��Un���R)÷[V�I�°���ãEä+å�vG	±�WGS�V�I�Ä$Å�"Æ	Ç } È��È~	� ¹�º _ �±%æ ù Ý W�´�µ � Ø��;�	�[{�RPQ���n��,R!÷[�U|�"��	��Q�� } W��
Ø � "�É � _?Ê�Ë ù ��·³�ÌS�Î�ð � Ø�R{Ë	�	«�"$Í	Î[·>ÈG¸?��Ë�Û]W��@Ø � "$���	Q���"$ÏÐ n���R)÷ Bunner

_[Ñ ÖZÒ�ø���Ë�Ó¡N Ñ 2.1
}tÔ {�÷�V�I�Ä?Å�" Æ�Ç } ÈCRt¯�Ë } W O2 V

I _?Õ�Ö } È)ö$¯�Ë y�z Ö ù �;× Ý ÷ Ñ øGS��[| } W��	J�W 1% Ø," Ar NtÙ,Ú	n�ö,R)÷�Û	Ü
& N2 J	K } Ar NPÝ � R+Ö§S N2 "���Þ�ß	Ó]W � Ý,{�R���à _$áâ� Ø���ö[R)÷Ñ ø?S�ã�ä � }�å a?�;æ�ð ��ç ø�r�o�s uPv�r¡w?oèÞ0"Gé�ê[cdeNZë 2.2

}�Ô ù øE÷Uì�í
��� 300nm î � 400nm "�°	"�ö ï � î�"�ð�ü[¤�ñ�ò�ô�ó�î � &UR��[à _ À î�R!÷
>0ô�@C=�õ�ötD
y	z L�NZO�QU{�R�F	H�÷�I0"Gø�e v

_ m	" y	z LCn,"Gø�e c/n(c WGÞ	ø�e�S n W y�z "$ùú Ó )
å �Èûü'öMàCü S�÷�I]"�ý�þ }�ÿ a?� y�zU_ �[{URZÞ�NGs��0u?o � �ZÞâà{ö � ÷

s���u$o � � Þ�W�÷�I]"��	���
	 } ê ù � θ "���e0N$&d{?��¥à��Z����æ ��ç R������
�TS
θ = sin−1

( c

nv

)

(2.26)

n���R�� 1 J��]"�û	J } ·���� n ∼ 1.00029 n���Rd"dnCS]m�"���«�� θ W�� 1.4 � S�H�I]" ^Ë S,s
��u;o � �PÞ¡NZ�	«,{�R?���;ó���v�" ��!�W�� 21MeV n���R"�
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��� (nm) band system # ¹�º (v′) $ ¹	º (v′′) E0(×10−2)

297.7 2P 2 0 0.016

311.7 2P 3 2 0.005

313.6 2P 2 1 0.029

315.9 2P 1 0 0.050

328.5 2P 3 3 0.015

330.9 2P 2 2 0.002

333.9 2P 1 1 0.004

337.1 2P 0 0 0.082

346.9 2P 3 4 0.006

350.0 2P 2 3 0.004

353.7 2P 1 2 0.029

357.7 2P 0 1 0.062

367.2 2P 3 5 0.005

371.1 2P 2 4 0.010

375.6 2P 1 3 0.027

380.5 2P 0 2 0,021

389.4 2P 3 6 0.003

391.4 1N 0 0 0.330

394.3 2P 2 5 0.006

399.8 2P 1 4 0.016

405.9 2P 0 3 0.007

ë 2.1: Bunner
_�% Ò&� N2 " Æ�Ç }�å Rt¯	Þ _ &'�¡à(�)�0à�üC"?�	Þ�ß�Ó E0 "$�������

300 ∼ 400nm n�"�!

��� (nm) Þ�I�* ( é�ê(! ) ��� (nm) Þ	I�* ( é�ê�! )

297.7 0.4 357.7 5.054

311.7 0.068 367.2 0.068

313.6 0.725 371.1 0.25

315.9 1.767 375.6 0.954

328.5 0.204 380.5 1.711

330.9 0.05 389.4 0.041

333.9 0.141 391.4 1.937

337.1 6.68 394.3 0.15

346.9 0.082 399.8 0.565

350.0 0.1 405.9 0.571

353.7 1.025

ë 2.2: �	J�r[ots*uZv�rMw;oTÞ�"����U¤�ñ�ò,+�ó��,Þ	I�*]"Gé�ê(![n���R��
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��� λ "�Þ�I(*]W
d2N

dxdλ
=

2παz2

λ2

(

1 − c2

n2v2

)

(2.27)

=
2παz2

λ2
sin2 θ (2.28)

à�&�R��,���Pn$S α = e2/4πε0~c = 1/137 W�- .���/�0�*,n	�M�»S z W�1 z "tXdI�2�3,n	�	R��
�[|�"���J0r�¢,£$v�n�WGSÃr�¢,£$v�L�"�F	H�÷�I]"��	e	V�4�"'��Ò } s��0u?o � �tÞ]"G�

«(��V'4�W�5 _ �tN7698GS � � }�:<; ��ç R?s��0u?o � �PÞ�WGû�J�Ldn�""=�>�""?�@�N7A9B
�'�,R��¡�$"(��Ò?S]r	¢�£?v�CUî � � 20 ��i�j�"����Un�W$S��	æ �tç RPû	J�D�Þ'E } êF�P�G(H {UR?s��0u?o � �ZÞ�"�Þ'EMNZª'I[n�üG&'�J�
K&L D
M �Uî �ON RZÞ(P	KMN M(Q Þ³à7�'�?SU� à �P��R�" 3 S�T]"�Þ'U[î �ON RPÞUn���R��
1. û�J�ÞWVYX�Z�Á)[�û	J�"�V�I�S[X�I]"G�,{�RZÞ
2. \�]�ÞWV_^a`;�¡®;""-�b _ ^a`?Þ¡Nc='>d�"��Þ
3. e M ÞWVYe�xJe'f�"�g(h�Þ
� ç � "PÞ�W ¿ ±�{,R DC r�i�jCóàJ�ckmldnT"PÞ�HdI�o�p�q�n :<; �Zç R��mr�sJt�ë }�å

R,à S M Q Þ�uZð�e[W 320S10(vis)
(

1S10(vis) = 1.20 × 10−9erg/cm2sec sr
◦

A
) à � ç k �	Rv�M(Q Þ]W���� 557.7nm

}�w'x X�I }[å R$c'�]½$v,ò�Nc6a"k�·¥�»S�y(zU¤�ñ]ò,+Ìó {�V }� ��k�WG��� _ � ï}|,R }C� ç k;Þ(E _ o�Ýd��k'�[R"�³�mu å � } S M'Q Þ _ �	���(~[n)o
Ý'�
	 } ��R[�,à`S0· å ¸$��JMrUo�s uPv�rMw;o`ÞMWG� } �	� 300 ∼ 400nm uGÞ�î � |[R
��à$N ��� RUà§S���� 300 ∼ 400nm utÞ } êF�7km��e�u	��RPÞ :<;�� N7�'��{UR,��à nCS MQ Þ�u�?(@¡N���|*ï)�`SU���0r�¢,£$vdî � rUoPs*uZv�r¡w?o`ÞNPß�Ó���ï���æU{
���[àc��n
ü ���
Rayleigh ���9� Mie ���

Rayleigh =(>
�Gû��(��� }Uå �v=(>��J��=(>���Ó��
=(>	�a�J�H «	�a�J� =

8π4Nα
(

1 + cos2 θ
)

λ4r2
(2.29)

�)� �¡� ç �"�9������� N �"-�÷���u�*�� α ������Ó'� θ ��=(>��'� λ �"����� r ��=(>��Uî� ��æ��9���&u"  ¡���¢&���
Rayleigh =(>������ å�£¥¤ ��¦¨§"|(©)ª�um«�¬���Z< å �7®<u�='>���¢&��u'�ê¯�}�a���Gêd�±°'I���üm|'�;û�ü�§�um«'¬'�'Z² å ��='>¨³ Mie ='> àv� � ��´9Gû(�²µ�ua¶�·¸+Y�¹aº'»'¼ ó ( ½'�F¾7¿���b'��À�|²Á ) �Â�Ãmk�Ä¨�J�"�
Rayleigh =(><�ÂJ�tû��<u�Å(Æ(Ç9�mÈ(�'���9umÉ(��Ê �ÌË&Í |�Î Ï
� %
ÐÑ�ÓÒ ����� Mie='>��Â��7Å(Æ�Ç��"È��9µ�u�¶m·Ô+Õ¿ ¹&º&»�¼�Ö ��4�u"×��²�Ø'ÙaÚ
��Û Ð ��È(��Ü�Ý�ÞJß�ÂJ��à�á���â�ã< |a�"ä
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å
3 æ Telescope Array ç è

é(ê ¹&ëJÖ�ì ß"í�î�ï<ð�ñ�ò(ó'�<�"� Ð(ô ¦,õ<ö÷� AGASA ðmø(ù9�Â Ò�ú 100km2 ð"ûü �ý² 1 �'þ(ò�Ú
��ÿ'���a¢a�"ä AGASA � 100km2 ð�û ü  111 �'ð��������7ß��
	������ ³������}��� £�������� ��� �mßa³7ø'ù!�mÛ�ä � Ò �Â £ � ��#" �²³%$�&�ð('�)*�+ Ö Ê �-,/. 10 5 2�3�465��87�:9<;=�?>(ÈA@1B19�C ³�DFE�ÛJä!��ÊG�-><H�I�J ò ¤�K ý³�L ô AGASA M "<N ><O��1P QR7�¾)%ST)
�UV�->VW Ò J�X��Ä<Y<ZF[(�\
5�W 7#M/]^@_ > 2004 ý<�ø(ù²³�`baF�"Û)äc W#]�dfe%g�h(ð#i�ÛjB"ø�ù(Î�k%]'¢�5 Telescope Array(TA) l�m�n:o%pRq Ò Ûmä8W"ð TA

l�m�M(> AGASA ð�r 4 2
ð "%N ³?s8t�È ��u ®<v�w�x (Fluorescence Detector, FD) 7y>/r
9 2�ð "%N ³?s tmû ü��F#� (Surface Detector, SD) ³zI8�F�{> é�ê ¹(ë)Ö�ì ß�í&î�ï
ð �%�
�6���)ß&³7ø(ùaÚb5&¾mð/]�¢�5�ä
3.1 TA |~}�� ���
Wmð TA l�m�ðF�(��7/� ô J��'ð�¾)ðjn . 4 �±Ò 5"ä
• û ü����� 7 È ��u ®�v<w�x ³z��� ô ��#"�N ³ AGASA ð:r 12 2�^��> é(ê ¹'ëJÖì ß(�<��]&ð�ø�ù<��� K ³���¿'Ú�ä
• íaîJï�ð(�<���²³�hT�V��> c ð�Ä�Y²³�Z^[JÚb5�ä
• ¹'ë�Ö
ì ß:�<�<� N ³ 10% J6�&/�<Xbq��%> ¹'ëJÖ�ì ß�·/�F�A� Ö ³z���aÚb5"ä
• � N<� Z Q
³ AGASA ð K 2�%�%X��-> 0.6◦ ∼ 1◦ ð(� N<� Z8Q�]&ð(�<Y��<��ð� �¡ ³¢ Q £JÚ�5"ä

3.2 TA |~}��¥¤§¦
FD £<M ê E�¨:��Ç�>JÅ�[ N ð ê E �<� 7#©%ETª � n�â�ãb]6«65"ä�¬ ÛT> SD £%M:3�È�Ê<t/® BT¯�û�n�â�ã�]�«65"ä=W ÒA° ð�±
²�Ê ° >aø�ù�O��6M�eb³<´�Þ�µ!¶1·�ß¹¸»º<ð½¼½¾�¿�Àû�Á (
jÂ�Ã ê

1400 m >�È ��Ä q 860g/cm2) £:I8�^q Ò 5"ä 2007 ý�ð1Å8Æ�Ç�È½É
¸»��Ê'øù�£/��Ë ô >�Ì�ÍÏÎ�H6I n1ÐbÑ °-Ò'ô E 5�ä
SD ÓR��Æ�M�> 576 �&ð Ô�·jÕ��RÉ����^�(�=�vß �G	1� �GT� n/Ö8× °�Ò > �
(Ø�Ù M1r

800km2 £½B�5�ä FD Õ/Ú�ß���	1�(M(>'û ü<Û öf]TÜ/Ý�Ú�5zÞ^B
ß�ð�à<áRâ�ã�Ë�5�Û%Ñ6£:>�äåjæ
°
100 0 200m

ê öfB�ç"Û%Ó���Æ�äjè
ð�é�ê6£#r 40 km ë½ì/] 3 í{îb£#I��8q Ò > SD Ó��
Æ�ð(�/�F£#ïFð Û�íaî�ï
âvø�ù&Úb5�ä�O8�'ð��8�%ñ â1ñ 3.1 £�òaÚ)ä 3 t�ð FD Õ/Ú&ß���	:�
M%X æR° &½ó8ôAõ�£ Black Rock Mesa > Long Ridge > Drum Mountain ö�Æ÷��]�«Rõø> 2007ý N ð(��Ê�ø(ùF£/�6Ë#H6I nTÐ^ù<]6E 5mä
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ñ 3.1: TA l6mb£�ú8Ë�5#O��'ð:����ñJä6û�ü
ð(ý�þ%ÿbn�� �<u�� v<w�x8Õ%Úaß6�G	1�?>���üð��<ÿ�n)û ü����� â ü Úmä

3.2.1 ��	�
���
û ü����� (Surface Detector, SD) Ó
�?Æ�M 3m2 ð�Ô�·1Õ<�GÉ½�/�8�#�!�7ß&Þ ( ñ 3.2) â

1.2km2 ð�ë<ì�] 576 ��I���Úb5mä��������7ß�ÞjM��Aq 12mm ðbÎ�ð8â 2 ����� ô�� E�5 W
7(£��bõø>������%�<ð����Râz��l�£��� "!b5"äA�8���V�$#&% æR° ð � MT>"'�(*)�+*,
âA¸-#
Ô8��. �0/21 Æ�3�#6â54Ï� ô PMT(Electronbuves 9124SA) £�DÏ@?> 12bit > 52MHz öG�TÔ�È
�76Jð FADC ]�8�92!�5�ä7:�û ü<�F�� M SD ;ÏÈ�Ó<£#�8��q Ò .=<��?>
â54Ï� ô�@ ï LAN

£"�½5A<���â=BDC ä
¬�.���EjY=7/� ô MGF�#6·�#�H ë7I (120W) n � E °�Ò 5�ä
3.2.2 JGKML&NPORQRS
� �%u�� v%w<x (Fluorescense Detector > FD) MRTVU 3m ð=W Ø�X�Y x æR° B�5 X�Y�Z v%w
xb]�« 5mä/x�[ Ø0\�] � Ø £�M�� ��u�� â5^*_"!b5 PMT `�a�·½n7b�õdc�Ë °?Ò >*e*f0g�hi # æG° \ ��f u�� âA^�_�!"j�ä FD1 k \ml�n Mmo�p�q 18◦ rts q 15.5◦ ]6«*j�ä FD ujX%�
2 v�£=���&.�Î \ n 6 k FD Õ<Ú2#*gxw�y ( ñ 3.3) zj£�{�|R} Ò rx~ Ò"�1Ò 12 k \m���*���
:8Õ%Ú2#�g0w�ym��o�p�q 108◦ âA���&!"j"ät���Gâ5B2�����x�7�7ujÕ%Ú&#*g0w�y \ g�h�É7%t#�*� ¬
õ r ���*� âA�*�2!Gj2�&C�£?�bç��*�&jmä��� � FD

\&� y=�2#��Ryx�f£t�*���8¬R��Ñ�j"ä
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ñ 3.2: Ì�� ( ´G%zµ ) ��{"|G} Ò .m���������

ñ 3.3: FD Õ<Ú2#�g�w7y (Black Rock Mesa ö8Æ�� ) \�  �
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ñ 3.4: FD
\t¡�¢ Æ�y ñ 3.5: Black Rock Mesa ö8Æ��£z \ FD

¤2¥?¦

FD �2u�§�q l�n â5¨0j?./Ñ r�© .mª�« Ø�� ��¬�×RjG�{�|��®�¯*°�± �t²�³ ��´�j�./Ñ r
W Ø*�G� � �¶µ Ò jmä�W Ø�X�Y*� u�·�¸�¹2U 6067mm r�º�»�¼ � 660mm

\�½ q�¾R¿G6�a"y
�=À�Á?# 18 �����GÂÃ±�Ä¶}=ÅGj"ä X�Y ¸�u r '�(�Æ 330nm Ç 450nm � 80%

��È ��´�j"ä"¿
6�a�yP�mÀ7Á�# \�¡�¢"É y?ÊtË 3.6 ��ÌÎÍ�ÏJä�Ð�Ä�W*Ñ ��\2ÒmÓ ��u�¿RÔ�a"yP�=ÀtÁ�Õ*u�{
|R}=Å*��Ö¶µØ× r�Ù�Ú q�Û�Ü�Ý�Þß� PMT à�[�á \ Xe-flasher

� bÂâc�ã0µäÅRj�ä
FD1 å \�l*n u r o*p�q 18◦ r�s q 15.5◦ �=�"æ��*�"jmä&ç�è�Õ�gxw�y7��uRé7ê �*�*� Ê

2 v�ë&ì"�GÍ�ÏGí�ê 6 k r*î 12 k�ÊAï�ð0�mñG|�ò"j�Ï�ó r 1 �2ê FD ç�è&Õ*gxw�ym��o�p�q
108◦ r�s q 3◦ Ç 34◦ Ê?ô7õRÕ�òGjmä © Ï�ö�÷�Ñ�ê PMT ô&ø*Át�7ùRú�ç*��û��ýü É�þ u*ÿ����� ê l�n ��¹������GÍ=� 30mm ��Û��2´PÂ r PMT ê	�P��} ( º�»R¼ 60mm) ��¬�
�P}��
�Gæ��*�&j�ä

Ë 3.6: ¿"Ô�ø�y��=À�Á?Õ�ê ¡�¢�É y
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PMT �����
� Ñ � ���"Â�� Ù }mÅ2Ï���f�� Ù u r 16× 16 ����
¶µÅ2Ï 256 �Rê PMT  xµØ�2j7ô2ø�Á
�!�RÂ#"�$¶}�Å&%mä�ô�ø�Á�u('�) � ê�ö*÷�Ñ���{G|�}mÅ&���*%mä PMT u(+�,*-�#.&/7ç2ê
R9508 Ê5á2� r"~ Å � Å10 1◦ × 1◦ ê�2430Ê�í5��ä5 Â£ê76�8:9� xµ PMT �<;>=7/¶�@?(.�/
ç�ÊA����ò�%tÏ�ó r�A � }5Å&Ï�ô�ø�Á(B�û(/�ç ( Ë 3.7)

Ò �DC ÂFERã�µÅ&%�ä PMT GH��DC
ÂIE�ã�µÅ2Ï�JLKNM!OPJ ( Ë 3.10) ���"ÂIQ��R}5Å�Ï	RSUT	V�B0û1/�ç(W�Ñ���´�%�X ûZY:X"�[ ÊN\^]"Í5� ¡ Õ`_NC*¨�ÞR��a�µäÅ�%�ä© Ï�b�c Ù ê�d�¸�e���f	g�ê�Ï�ó1V PMT h?Ñ��4T 300nm Ç 400nm ê�i   Ù ÊNj�k�e*�7lm ò*% Ù�Ú^n4o [ _tÕ (SCHOTT BG3)

� C ÂIE�ã�µÅ��*��% ( Ë 3.9) ä PMT ô�ø�Á?ê�pR�
T 300nm

��q ê�r�s�Æ0� º Í=�(l m ¸ � 90%
�2È ´`%�X�Á*Ô�Á7ç � á��xµØÅ!%mä

Ë 3.7: ô�ø�Á(B�û	/�çJä PMT
��t	uwv Å!% Ë 3.8: PMT ô&ø�Á

Ë 3.9: BG3 ÊNC Â#E�ã�Ï PMT Ë 3.10: JLKNM!OPJ

26



x�y�z({�| ¦

FD ç?è*Õ�}*~7O1��ê ¡ Õ�_�C�¨�Þ (DAQ) ê7���&Ë2Ê�Ë 3.11 �AÌ2ò)ä PMT ê����1r?¾!T�J
KZM*O(J����"ÂIQ�� v Å:V�ô�ø�ÁPBRû	/�ç*��ê	Xxû�Y:X&� [ ÊZ\U]&Í5� SDF(Signal Digitizer

and Finder module) �(a µØÅ���� v Å�%)ä����w}����7Õ É4� O¶�Vê �:KD�2Õ`}�ç*è`�"��T
SDF V TF(Track Finder module) V CTD(Central Trigger Distributor module) Ê=á`�`%�ä��� O7��Õ��&Ow� ê�T�Ï0µ1�PT1���*ê	� Â���´�%�ä

• SDF � ô2ø�Á��tê	� PMT ê��	�r�¾xÊ 12bit V 40MHz ü�OPJLKPO?Ôtê FADC ���GÂ¡�� _ [� ò*%�ä�R�S�ê S/N ¬�Ê î� Í������ Ù r�¾0ê(���0Ê� ¢¡ £ n!¤ Õ�ç¥�P= �[ �(KZ��Õ�¦ ��§ Õ [�¨ª© ÍD«�T�Ï0µ1�ZVßé�ê	¬4PÊ TF ��a^%"ä
• TF �®�Gô2ø�Á�¯ © ������� Ù �ÁRû1/N° u ÊD ±¡ £ ¿*ô&Ow²(= � [ �PK<�*Õ�¦ ��§ Õ[�¨³© ÍD«`T�Ï�µP�ZVÎé�ê�¬�xÊ CTD ��a^%�ä
• CTD �µ´1¶�ç�è�Õ�}�~�O:��ê TF  xµ£¿�ô!OL²	= � [ �(K���Õ�Ê<�Gó(V`·�Õ`_<C�¸"ê7¹º °�»"ÊN ¼¡�ä"ô�ø�Á ¼ ��½?Ï:¾*%¿�Á�ûP/tê7° u V�À�;>=�/>�Á?(.�/�ç(Â���ê`/4?"û
/tê�Ã�Ä�V�Å�Æ � R4S�ê�a^Ç:È � ê�T�Ï0µ1��ÊZÉª¡�ä>½�Ï GPS ���GÂ#Ê º*Ë*¼ ê(�4�
ÊD ¼¡ ä

Ë 3.11: FD ;¿=�/Ì�@?1.*/�ç2ê����"Ë
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3.2.3 FD ÍLÎ¿ÏÌÐ4ÑªÒ4Ó�Ô¢Õ`Ö
����� Ù�× �tÖ"ã`%7���^}��`�7Õ(Ø�Ù!�2ê:¶4Ú�Û*ÜÝ!;�� [�Þ Õ	ß u ��TPV FD ê	à*Û�àá V�����â�ã*¦�.!_tÕ¾�ë�ä © È�%mä TA å�æ���T1�`�*ê�à á Ê7 ¼¡ ä

PMT ç:è�é
• CRAYS �êÊ º ¶�ë Ù�ì (Calibration using RAYleigh Scattering, CRAYS) Ê=á��4«7åí

PMT ê5à á ÊZ Ì¡ ä N2 =£Õ�î&Õ (337.1nm) ê Rayleith ï4ð Ù Ê Ù4ì © ÍN«7á��`%�ä
=AÕ1îGÕ*ê`Ç(� © Rayleith ï�ð�»tÑ�ñ! ¿ò PMT ó�) Ù�ô�õ Ê î4� Í�V2å í PMT ê
QE×CE( ö ô d�¸�V4÷���d�¸ ) ÊNøGó�%2é © ¾����%�ä�å í PMT T 1 ô2ø�Á�� 3 ��C
ÂFE�ã^òäÅ&%�ä

• YAP � å í PMT ê ÒAÓ �NC�Â�EGã&òVÅ1V(Ø�Ù Ò ê7Ê º?Ù ö`¦�.�_�Õ4�má���% ( Ë 3.12) äÙ�ì ��T YAIO3: Ce + 241Amα Ý ì ��}*ODY³=$Õ`_�ÊZCÂFE�ã�Ï"í�ê2Ê=á���%"ä�ù�Õ
/Nr4sUT 370 nm V Ù�ú�ô�õ T	0 1000 û��`ü�%"ä

• Xe-flasher � FD ê7Ð*Ä�ý Ò�Ó Hw�	C ÂþE�ãwò$Å4V PMT ê�ÿ É O����RÖw����¦�.�_�Õ
Ê7 ±¡ ( Ë 3.13) ä Xenon Ù�ì Êmá*��«2ô�ø*ÁmÑ�À��PÊ	��)ÎÍZV PMT 
�� ú��� ���
Í�«?å í PMT

©�� ê PMT ê�Ç1� ��� Í��äò�%��ßé7ê����w�&��� PMT ��Ñ�����ê
QE×CE×PMT Gain ê�ñ�����¾�ô2ø����7ê PMT �� ª¡!�

• XY-scanner � UVLED Ù�ì�� ô�ø��=Ñ�����"�# v	$ VRô&ø���ê�ÇP� 2 Ú�%�&('�¶*) �
Ù u ò!%�� é�ê�Ù u ���+� QE×CE×PMT Gain ê	,�-�.�/�)�¾(øL½�%0�

1
3.12: YAP

1
3.13: Xe flasher

2(3�4�5 ç�687 z�y
• LIDAR �®����� Ù TPV(9�:*÷! >ò FD ��;w% Ù8< �:���>=�ê�?�@ ô �*��æ(«1ï�ð�A8B�DC+E %	�GF0H(IKJPV(L FD M(N8O�}U~	O	� YAG =DO	îPO (355nm) ��QSR�T V(U4��=
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�7i(V�X [ M � )�Ç T «8W*H7¹�G(XYH7ï�ð*ZP[�\ � ���S]P^DV LIDAR(LIght Detection

And Ranging) ×>�`_ �4«�U��4l�a�\ � Ù u ]b^��
• CLF � Central Laser Facility(CLF) T`c�d�Mfehg�H�=�i&� QSR v�jlk U4��l�a	\YH�Ù u
� _ �Lò j ^	� YAG emO	îbO (355nm) �mnYo ��X&�`p�Ç T k �	���8H	q(X�ï�ð�Z ��rí Z ì © T « 3 sD-�H FD M(NSO�}w~�t��PØ�ÙP]b^ (

1
3.14) �

1
3.14: u � LIDAR }�M�N�� k8v � CLF �PwK^�q�X�ï�ð ��x�_ ]b^�ylM�N��

z*{(|�}�~ çè�é
• LINAC �����K�+H	�(��Ý*���*��� ��_�� I FD Hl����� Þ O	�����(�Y����emO�y���t �
 ³¡!� FD M*N�O�y���t��wò 100m � j I`,�-S�wò nYo �0X+� ú�ô�� Ol� ( ��U 40MeV)� pG� T k :���I�U8�8��Z � FD �Ø�ÙY]+^bFb���+w��m�S *� Þ O�¡ á �8¢>£�^ (

1
3.15) �

1
3.15: LINAC H�¤�¥ 1
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¦
4 § ¨ © ª « ¬

(® �Swl¯0°�±³² j ^�´8O8µl��¶ kS·l¸ �`¹�� T I ��º*» H�¼+��½¿¾ÁÀSÂ�g*Ã���Ä�Å�]Y^�Æ
TA Ç�ÈYÉGÊ�Ë FD ¶ PMT ÌPÍ�Î8Ï _P� °�U�����ZÐÏ 8® ]+^�Ñ�Ò k W�É �® ´POPµK¶�Ó��Ô�Õ*Z��Sw�^�Â�gKÃPÏ`ÖS×(¢ � ^�Æ�Ø0ÉPwSÊmÀSÂ�gKÃ8¶ ºK» Ï�Ù TbÚ ¹���]b^�Û�Ü���ÀÐÝ kÞPßlà É*�� l�Yá*â0����ã�\åähæ Ú ]+^0ÆåÂ�g(ÃbÏ�À Ú ]fØ��	¶�çKèYé�¢SêS^KÑ�Ò k ØSÊ*ëÑSÂ�g*ÃYÏ�ÖP×8ìl´Sâ�µ���² º�» É�íPÏ�¢+£(^Kì8î	ï�Ç��	ð>��]Y^SØS����ñ�òY¢�ê�ó0Æô�õ�ö ¢8¶ FD É �® ´�â�µ���²ø÷�����ù>�bwKó º�» ÏDðG��úYó*Ñ�Ò8É���û�Àbü�ý0��µ*âÏ�þ�ÿåë0Ñ�Æ ô�� ¢8¶YØ�É º*»���� É������	� � °�
�Yó0Æ
4.1 �������������
ü�ý0��µ������Y�`¶��! ²D�8É"�����bw*¯�°�± ²$#PÑ�%�&Y��²('bÉ º*» Ï*)8�búbó�y,+�-��¢8ê8ó0Æ�÷����(ù��bwló º*» ¶��/.P�	0	1��"2��³ë�° � óPä�É(¢�¶(À Ú �3546�7�8GÏ�9: À8î�#<;*À�²DÀ � Î=�?>�� º*» ¢�ê�ó0ÆS½ ¾mÀSü�ý���µ��,���lÉ����b��Ä�ÅSú+ó��	�åÎ<�
>�� º*» Ï�9,@åë�° º*»BADC ÏFE�Ê à�GIH +�-���¢�ê�ó	ñ(ò+�8êSó�ÆKJ�ÉLSÊ�ÀSü�ý"M�µlâÉ>Ê	ËON�PQ6(À 2 ��É����>ÏKê�Ü8ó�Æ
4.1.1 RTSVU/W
X �Y�P¶�ZB[5\D]>�L*ó�ü�ý"MfµT^,�?��¢SêSó0Æ!_�Å TA É DAQ ¢a`,^Yb�â�c5df��eBfg #�°�hPóKÉ*��Ø�É�i��b¢�ê�ó0ÆS¹��"j���k o (t) �"låë�°�ê8ó,m5n	o T É/pKý<�Iq*pDr0¢

\�]GÏP��ó	Æ�Ø0Ép�ýB�TqsplÏ�m�n t �(��ä��tZ�[ gYu °�h Ú Ø8�YvG²wZ�[5\�] �Fx�;,#Yó�Æ
Z5[�\	]�É���k c (t) ¶�y+É/LSÊ`�"dDz g #Yó0Æ

c (t) =
1

T

∫ T/2

−T/2
o (t + τ) dτ (4.1)

{ Ïb�0óF|/}8¶�� τ = 0 ~ T ¢�ä*� τ = −T ~ 0 ¢�ä*�!m5n?o�� T ¢8ê,#<;D���YÀ�h��,�GØ�Ø¢�¶"����k�´Sâ�µ,n�É"�5����Ï�À Ú úPÑ(Ò,�/dDzT�(Ét|�}PÏOf<h(°5hSó�Æ�ü�ý"M�µlâ,�PÉ"�
k�ÏY����� f É	Ù�,� o (t) = sin 2πft �Dúbó0Æ�Ø�É	m�É5��kb¶

c (t) =
1

T

∫ T/2

−T/2
sin 2πf (t + τ) dτ (4.2)

=
1

2πfT

√

2 (1 − cos 2πfT ) sin 2πft (4.3)

��ÀSó�Æ?����¶"��� u5�<�O� o5�����åë�°5hSóSØ!�*�D�5vbó�Æ � o�¶"���D� f É5�F� � ÀP¯°5h(°,� f ��÷V� Ú ÀSó*É ��� ¯�°��D�³äD÷V� Ú ÀPó0Æ��<�GÝ�Z5[�\	]�¶"�����5 >ü8ý"M�µ
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(low path filter, LPF) É ·?¡/¢ êSó�Æ 4.2 £ ¢ 
�+ó����5¤ ��� ëDLbÊ��(ë	°5hbó�´SâPµ ¢¶��>Â�¥*Ã8¶ º*» ��¦ �8°��5�D�fÉt§Qh�ÿ5¨GÏO© Ú ÖP× ¢ hbó�Æ<Z5[�\	]�¶bØ�ÉLSÊ�À�§5�
����É�Â�¥*ÃYÏ*ª Ý$«/�Y� º(» ÿ�¨GÏ�¬D � úYóKÑ(Ò�Ét®åä*¯!°�À�i�� ¢ ê�ó0Æ
4.1.2 ±³²D´¶µD·¹¸?º¼»�½
Â,¥(Ã�ÿ�¨��§5���D� ¢ � Â,¥(ÃK� º*» � � �T�,��ÀSî�#;��/Z5[�\	] � L(¯�°YÂ,¥*Ã�É¾�¿ ÏYÀ Ú u ó�Ø!��Ï*
<�PÑlÆ�ëOvfë ��� ë0Ñ?h(´�â�µKÉSÂ	¥*Ã � ¶ º*» �ÂÁ+Ñ�������É�ÿ

¨ÐämÖQ��#�°5hSó�Æ>ØSÊKë0ÑtÃBÄ�� LPF ÀIÅ	ÉLSÊ�À	°	ÆbÀSü�ýtM�µKâ ¢ ¶ º*» ÏDðI� ¢ �À�h+Ø!�Y�8ê�ó�Æ�ÇKÈYÉÊqÁü�ý"M�µlâ�¶YØSÊ*ë�Ñl´SâSµ�v�² º(» �ËÁ�Ñ"� G �¼Å*Ø � ê8ó�vÌ ë���úYü�ý�M�µKâ ¢ ê�ó�Æ ô�õ�ö<¢DÍ�Î ë0Ñ8ü�ý�M�µKâ�¶YØ�É�����ÏOfh(°Bh�°?Ï=Ð�É�ÑC � Lló0Æº*» s (t) �bÂ�¥*Ã n (t)
�OÒ ¯�°5hSó/�Dúbó0ÆåØ�É?m8É�¹T�tj���k o (t) ¶

o (t) = s (t) + n (t) (4.4)

�ÓP u ó	ÆfØY#+Ï*ü(ýOM+µ�â � �åë	Ñ���k c (t) ¶���¹��Oj��"k o (t) ��ü(ýOM�µ�â q (t) �`É
�T� ¢ P g #+ó�Æ

c (t) = 〈o|q〉 (t) (4.5)

=

∫

∞

−∞

o (τ) q (t + τ) dτ (4.6)

ØO#S¶ à�G�Ô þ+É�Ñ(Ò�� Â,¥(Ã��5b�pt+,¨5Õ ¢ ê�ó��×Ö5dSú�#=;��³ü�ý�M�µlâSÏ*� ë�Ñ�Ø+ÉÂ�¥*Ã�ä��*Ñ�b�p"+,¨!Õ��`Àbó0ÆåÂ,¥(Ã n (t) É�ÙKÚ�â?+?ÛQÜ¹`ÝM N (f) ÏOf<hSó/�Â�Ðü�ý
M�µlâ5��kPÉ�¨DÞ�¶

〈

{c (t) − 〈c (t)〉}2
〉

=

∫

∞

−∞

N (f) |q̃ (f)|2 df (4.7)

��ÀSó�Æ q̃ (f) ¶ q (t) É�üKâV^tßO�Dà ¢ ê8ó0Æ³ØF#�ÏOf<h(°Pü�ý"M�µlâB��kYÉ�Â	¥*ÃSÉ"¨�Þ
� 1 ��ÀSó=LSÊ �tá�â �åë0Ñbä�ÉSÏF� º*» É"®�÷�.ã��Â�¥*Ã,¨DÞ³�	É ¦ (S/N) �(ë�°,dDzPúó0Æ t = t0

¢ º*» ¶t®�÷�.>Ï/�0ó��*ë�°�� S/N ¶�ÏBÐ�É/LSÊ � ÀSó0Æ
S

N

∣

∣

∣

∣

t=t0

=
|〈s|q〉 (t0)|

[
∫

∞

−∞

N (f) |q̃ (f) |2 df

]1/2
(4.8)

=

∣

∣

∣

∣

∫

∞

−∞

s̃ (f) q̃ (f) exp (2πift) df

∣

∣

∣

∣

[
∫

∞

−∞

N (f) |q̃ (f)|2 df

]1/2
(4.9)

ÇKÈYÉÊqÁü�ý�M�µKâ�¶YØ�É S/N Ï*®�÷ � úbó�ä�É ¢ ê8ó�Æ Ø�Ø ¢ � H�ä ÚYM=å�É�ç?æ�ç
∣

∣

∣

∣

∫

A (f) · B (f) df

∣

∣

∣

∣

2

≤
∫

|A (f)|2 df ·
∫

|B (f)|2 df (4.10)
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ÉB�tèfÏtf=hPó�Æ
A (f) =

√

N (f)q̃ (f) (4.11)

B (f) =
s̃ (f)
√

N (f)
exp (2πift) (4.12)

�DúD#=;
∣

∣

∣

∣

S

N

∣

∣

∣

∣

2

≤
∫

∞

−∞

|s̃ (f)|2
N (f)

df (4.13)

��ÀSó�v�²Ë� S/N ��®�÷ � ÀSóKÉ�¶
q̃ (f) =

ks̃ (f)

N (f)
exp (2πift0) (4.14)

É?m ¢ ê�ó�ÆGØ�Ø ¢ k ¶"éDê�É�Ç�� ¢ ê�ó�ÆB�<�>Ý`ü�ýtM�µlâB��kP¶�ûBf�úbó�ü�ýtM�µKâ�É÷¹� g	� ¶�ë�Ä u!� �>ü�ý"Mfµ*â�É�� G � L*¯�°�É�í�ìI�8óSØ<�Y���!vbó�ÆÐØ�É q̃ (f) Ï"f
hPó�Ø!� ¢ ÇKÈYÉÊqÁü�ý�M�µKâ	��ÇD_ g #Yó�Æ
4.1.3 í/îðï=ñóò�ô�õ�öT÷TøQùºK»��D� � Ç�ÈsÉúq ü(ýtM+µ�â�ÏOf=hSó � ¶�� ºK» Ét� G �	�5vP¯�°�h(À�î�#!;(ÀG²mÀ�hlÆ
J,#S¶bØO#� ¢ É�Ç8È�û Hü�äTý â HVþ �tv�²wÿ�� ¢ êSó�Æ H/ü�äIý â HKþ � � LKó�÷����ù � L*ó º(» � G Ï�� 4.1

��� ë`°�	 Ú Æ�÷
����ù�¶������ H
� Ú�â � L*¯�°�
� g #bÑ����¨��v����Yi � Î u �$#Yó���� PMT É�������� ¢�Î u �(#PÑtÃBÄ � ®åä���ù g #+óKÉ ¢ �Ø�ÉLSÊ���� G ���Pó�Æ Ø�É"� G! b/p H�" � ¢�# Á ¢ �Y�
s (t) = A exp

[

−(t − t0)
2

2σ2

]

(4.15)

�ÓPPú�ØB�s� ¢ �Kó�$&%(ìYë('*)m�+-, t0 �Kë�%�$!�=�fÝ.'*)�� G/ '0)21�÷V� g A �$o σ

�Fh-3 2 �41�Ù!5�6*â47 ¢ P u ó�$�ÏBÐ ¢8 �:9;1 σ ,�'0)!1	oV�(ë=<�d�zPúYó�$
ÇIÈFÉaq�ü�ý�M!7lâ ¢8 �
>�?�'�)�� G ,

s′ (t) = exp

(

− t2

2σ2

)

(4.16)

�(ë=<,�5y�ç ¢ P g #+ó�ü�ý�M!7*@4,tf=h	#;L�h�$
q̃ (f) =

k

N (f)

∫

∞

−∞

s′ (t) exp (−2πift) dt (4.17)

ü�ý"M27�@�1�ü*@V^�A���à  �B>
?�'�)�� G 18ü0@K^�A,��àC,�D	¥0EF1�Ù¼Ú�@	+�Û�Ü�` M ¢G�H %JI�1 ¢4K ó�$GüML�Ü�7*@ k
 � á�â �N,OEO3�%0P � >�?
'0)B� G 1�÷¹� g �NQ�R � �

#+ó49!�;,*ê2S/T=<5hFU�$
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4.2 Z\[^] _/`badc
4.2.1 FFTe ����f � L�U�'0)!1�� G2 ç (4.15) � # Á ¢ �0U*1 ¢�g '0)
h�i ¢4 9�j/,�k�ltM!7*@
��T�<BÇIÈFÉ�qmk
l"MN7�@J,"E : ;�L,h�$O9�j&,"En3�1 � §4o�k�@ð^tßO�Bà (Fast Fourier

Transformation, FFT) ,mp�f-T�%�$ FD 1�q0r � L H < W �sj8%;t
@
7  �g*uNv�w ^ v;x/ý @
` 10MHz 1=y?Þ4t
@
7 ¢�K U�$29�1,m�z0{
t
@
7�, h

(

T
M k
)

, (k = 0, 1, · · · ,M − 1) ��|FU�$
T
 q�rm5n g M

 tF@47=}D� ¢4K U�$~9�1�y�Þ-k*@K^�A���à  y�ç³�=�BU�$
h̃

(

M

T
k̃

)

=
T

M

M−1
∑

k=0

h

(

T

M
k

)

exp

(

−2πi
kk̃

M

)

,

(

k̃ = 0, 1, · · · ,
M

2

)

(4.18)

9�9 ¢ h
(

T
M k
)  �� �Bt4@F7�1�%0P g�� 14k*@K^�A���à  

h̃

(

M

T
k̃

)

= h̃

(

−M

T
k̃

)

(4.19)

1B�tè&,=�/%*|�$O9�1"l����M�C��k0@-�mA���à210t4@B7�}D�  I=��10t4@B7=}��!1��B¨ ¢&�� $	ç (4.18) 1��0��,F§�o ¢�� 3 ";�N� �mE
�/, FFT � � 3�$B���4���J|JU!� � 1��0�8� 
O
(

M2
) ��� g

FFT �  O (M log M) 1������F�;�F��$J�0%*��1������F���F�
1  t8@F7}�� M
�

2 10� Ò 1��8�F� g 9�10  �;¡ I�¢�o2£��*�M�!¤*U�$ FD � W ��j/U 1 ¥�X vN¦ 1tF@47�}��  512 �29=j!,��/%!T=< � U*%�P gM§ £�t4@47�,=¨�©B|MU�ª�«  � � $
4.2.2 ¬4~®d¯�°
9�1 FFT ,=p
±²T=< g V2³�´!³�µ²��k�l � 7*@�1�¶2·
,��*�M|MU�$4¶2·  �¸ (4.6) ��¹FºU � g k*@C��A;»�¼-,�± � <�½ ¸ 1 � 3�£BIm¾2¿4U�À

c (t) =

∫

∞

−∞

õ (f) q̃∗ (f) exp (2πift) df (4.20)

��H <�Á8Â
1�Ã�ÄM�;¶2· ��Å ��U�À
1. o (t), q (t) £ FFT , � � g&� 18k*@C��A�»�¼ õ (f), q̃ (f) , Å PFU
2. õ (f) · q̃∗ (f) , Å PBU
3.
� jB£�Æ FFT , � 3Ç � T q (t) È�É�ÊJ��Ë �8Ì � g4¸ (4.17) £ K U �BÍ £ g >�?CÎ�jJU�Ï0Ð�Ñ�Ò s′ (t) £�Ó ��ÔÌ�Õ

FFT �Jk0Ö��m×�»�¼CØ����OT g�� j2Ø�Ù*¥�Ú Ì�ÛCÜ Ö0Ý�Þ2ß ¦à� N (f) ��áCâFãB���
q̃ (f) Ø W â�À Û-Ü Ö*Ý�Þ/ß ¦ä� Ì�å�æ È�Á8Â��8çFâ�À

N (f) =

∫

∞

−∞

|n (t)|2 exp (2πift) dt (4.21)

ã�j&è FFT Ø�± ��Ô ½ Ì �FÍ £��0�B|Mâ�À
N

(

M

T
k̃

)

=
2

T

∣

∣

∣

∣

ñ

(

M

T
k̃

)
∣

∣

∣

∣

2

(4.22)
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(b) ï�ðsñò
4.3:

ÛCÜ Ö*Ý�Þ/ß ¦ó�

kJô�ß�õ�Ö 2 È�ö�÷NØùø Ì�ú Ñ�� Ì�Õ � �OÍ Ç0û £�ª�«/�8çFâ�ÀÅ û4Ç ÛCÜ Ö0Ý�Þ2ß ¦à� Ø ò 4.3 £�üJ|;À � jMý�j e�þ
ÿ f4Ï�Ðn��Ù�¥�Ú Ì;Û�Ü Ö�Ý�Þ!ß¦ä� �8ç4â�À ò �����8�Bâ �FÍ £�Ï0Ð&È������
	��� v ÒJ�Fç8â�À ã=jFÈ�� Ì Ñ�Ò � ��	�� v �����B�!¤*âJ� � Í�� å � ø�� � ã4��Ø����2¿ Ô
� â�À~Ù�¥0Ú8È�Ï0Ðn������� Ô ¢ ú Ñ ÷ �"! � � g$#  F£�Ï0Ðn��� Ç ú Ñ��  ÷�è�è&% Ô���Ô g LPF �;ø('!£�Ï0ÐCØ*)&³�|Mâ ÌÈ,+-� � ��.$/Fâ�À10325476�8(9 � õ�Ö0�8ÈMÎ:��£,;�¶-Ø�<"=B|/â4ãB�ù��> ��? Ø�@:AB£��Ô
� â�À
�;ã�B���>$8�9 � õJ�DC�E0Ø �:ÍGFIHKJ Ö8õ*£0È�Ï*Ð ��L � ? Ô�� â*@:A;� � ç
â Ç0û >&MÌ Ù�¥0Ú4È,N�ÊM�8ç4â�À:Ù�¥�Ú8ÈPO:C�Q;���"> ú Ñ��(R�S2£"T ��Ô è�U Ì § �NØ=ø('&£V�P�W â Ì È,+-� � À3UMã��X8(9 � õ!�"C�E0£�± � â
Ù�¥�Ú Ì;Û�Ü Ö�Ý0Þ2ß ¦à� ÈD> �ZY Ó�� ÌF(H$J ÖFõ Ì;Û-Ü Ö0Ý0Þ!ß ¦à� Ø��*���[>\U ? ��Ø^]�_-� Ç è Ì � W â�Ànã ? È J Ö4õ5`����a Ë � �
�!£ S/N Ø�b�c W âVd�eO�I� Ô"fIg �4ç8â�À��h F�H$J Ö4õ0£�Ï0Ð �"L � ? Ô�� Ç �4�!£(U ? Ø�± ��Ô � � ��<P/Mâ�Ànã Ì �
��>PM!£Ù�¥0Ú Ì;Û-Ü Ö2��.$/�Ë � Ç�û �Fç8â�ÀFÏ�Ð ÌDi ¤�Î � Ù�¥0Ú Ì »�;&£^j�� Ô�k ÷ i ¤ � ��!£�ÈP8�9 � õ!�"C�E�Ø � �Ph3� Ô Ï�ÐM�Fç4â/��lXm
�2¤*â�À � % Ô ]�_ Û-Ü Ö*Ý0Þ!ß ¦ä�Ø Å û â J ÖFõ�ÈD>MÏ0Ð �"L � ? Ô
� Ç �I� Ô è*>\U ÌDi ¤�Î;È4Ù�¥0ÚC� #"n�o �KU ?&�1pq Î � J Ö4õ;�8ç8â�Ànã Ì ��¤*>4Ï�Ð Ì�ÛCÜ Ö�È q Î Y >$r Ô8Ì Ý�Þ/ß ¦ó� £�Ó ��Ô ]�_�Ø� /�sD>t�(�4Ù�¥�Ú Ì;Û-Ü Ö0Ý0Þ2ß ¦à� Ì ]&_n� Õ Ë*º!â�À!ÓB� puF(H$J ÖFõ��v� Å û � ?
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4.4: Ù�¥0Ú Ì ÷�w
À�x�y!ÈI�
	"�I�C�£ � â�8�9�25z�9:C�E

Ç Û-Ü Ö0Ý0Þ!ß ¦ó� Ì ]&_-Ø�Ù*¥0Ú Ì ]I_ � Õ Ë3� ÔK{,| Ë � À½2£ S/N
�v} Ì n�o b"c²Î ? â"~�<�/Mâ�À2Ù*¥�Ú n (t) È� P��R(SJ��O:C&Q��
Ë"�-Ø5�Câ� >1U Ì ÷�wJÈI�
	�Ý;÷Pw:�=ËX% Ô(� â (

ò
4.4) À
U Ì '���� n Ø�½ ¸ ��¹ W À

P (n) =
1√
2πσ

exp

[

−(n − n0)
2

2σ2

]

(4.23)

n0, σ2 È(U ? ý ? ]�_n�Y÷��M�8ç4â�À Û-Ü Ö*Ý�Þ/ß ¦�� N = ññ∗
Ì ÷�wJÈ

P (N) =
1

2σ2
exp

(

− N

2σ2

)

(4.24)

�=ËFâ�À(]�_2È 2σ2 �4ç8â�ÀCã ÌX� Í ËBÙ�¥0Ú M � Ì;Û-Ü Ö (N1 (f) , N2 (f) , · · · , NM (f))£�Ó ��Ô ]�_CØM��â�À ÛCÜ Ö*Ý�Þ/ß ¦�� ÌD� N = N1 + N2 + · · · + NM
Ì ÷�wMÈ

PM (N) =
1

(M − 1)!

NM−1

(2σ2)M
exp

(

− N

2σ2

)

(4.25)

�mË8âD~3�G>�]"_JÈ 2σ2M ��ç�â�À � % Ô;Û&Ü Ö�Ý�ÞMß ¦�� È M �:�mË8âD~3�G> S/N È M1/4

£��&�Z� Ô b�c�Î ? â�À
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�
5 � � �

�
4 � Ì Ã(eNØ��8±v�V0325476[8(9 � õ0Ö4ØV�  � Ç ÀOã ? Ø�± ��Ô"�:� £^�2³�´&³�µ$~� i þ�ÿ&� £ � â=Ï*Ð � )2³��J¤0â�~�>N� Ç 8I9 � õ�Ö�³�µB£0È } Ì�� Í Ë §�� � ç8â Ì ~">�(� � Ç Ì ��>3U Ì,�(� Ø4ã Ì �&£��!� û â�À

5.1  ¢¡¤£ ¥§¦-¨ª©§«¬¤®¤¯
5.1.1 °²±t³µ´��� £�± � Ç J Ö4õ�È�Á8Â�¶8ç8â�À
·�¸²¹tº�»�¼P½
¾

PMT ¶�¿-� ? Ç J Ö8õD¶4ç8â�ÀPÀÁC�ÂtÃ�C�E
ÄmÖ ¦ È 10MHz ¶�> 1
J Ö4õÆÅ/È 51.2µsÇ ËX% Ô(� â�À ��� £�ÈD>3U Ì1È^É £��K��º

• �:� £ TA ¶ F�H Î ? Ç ¥�ÊÁC ¦ËJ Ö4õ&U Ì è Ì
•
F�H Î ? Ç ¥�Ê3C ¦ËJ Ö4õ�Ø
Ù�¥�Ú Ç Õ Ë²�[>���	��I�C�Ï0ÐCØ*Ì ûDÍXÎKÏ è Ì

•
FIH Î ? Ç ¥"Ê²C ¦�J Ö8õ�Ø�Ù�¥*Ú Ç Õ Ë1��>3�:Ð,Ñ
ÄmÖ(�1Ò,C�Ï0ÐNØÆÌ û,Í�Î�Ï è Ì

ÌI� h ? ~MØ�± � Ç ÀFÏ�Ð-Ø�Ì ûDÍ�Ó ¥�Ê3C ¦uJ ÖFõ0£�Ó ��Ô È�> F�H Î ? Ç ¥�Ê3C ¦ËJ Öõ Ì Í^Ô >
0325476�8(9 � õ�ÖFØ5Õ � Ï0Ð�Ö��N³FÎ ? Ë�~
% Ç è Ì >NÓX× p i þ�ÿ�� £ � âÏ�Ð-Ø L Ë ��Ø � Ù�¥0Ú Ï ¿ Ì J Ö4õ Ç�Ù H Î ? âFè Ì £&Ú å � Ç ÀÁ�
	"�I�C�Ï�Ð!ÈD> i¤�Î A >PÛ σ Ø5ÜIÝ2£^Þ å � Ç A exp
(

−t2/2σ2
) £Dß Í Ñ�Ò Ì Ï0Ð�¶8ç8â�À-ã ? £,jZ��>t�Ð�Ñ²ÄùÖP�²Ò�CmÏ0Ð!È�> TA

��àJÌ ��Ð�ÑtÄ�Ö��²Ò�C�Â(á�EIO"â4£ � % Ô�ã  Î ? Ç Ï0Ð
¶">� p �:� £ F(H Î ? â�Ï�Ð2£,� � Ñ�Ò Ç Ë�% Ô�� â�ÀNË&T�>
Ï0Ð2È�¥�Ê3C ¦uJ ÖFõ&ä Ì Ü(ÝÌ ;Xå8£^Ì û�ÍJû â�À
æ�·Iç�è�é�¼
0�2�4µ6�8�9 � õ;ÖIê � â�Ï*Ð �I� ê0ÈD>$ë�ÊtCtì J Ö
õ Ç È^í�ê�±�ÝZ� Ç Ù�ë*Ú Ì�ÛNÜ ÖÝ�Þ/ß\ì ��J Ö4õ�Ø�± � Ç À � 4 �X¶�î$ï Ç � Í ê,> �-Y Ó�~ Ì J Ö4õ Ì�Û-Ü Ö�Ý0Þ2ß\ì �Ø5]�_ W â8ã Ç ¶�> S/N ÖIb�cCÎ ? â�À ¾ PMT ð1ê,>�� �&ñDò/Ì ë"Ê²C²ì J Ö4õ�¶
ç ? sD>U Ì�Û-Ü Ö�È i�ó1Y »(ô4º�hXê^� Ç è Ì Ç ËBâ0È�h�¶4çFâ�À � % Ô ��� W â�ë�Ê3C3ì J ÖFõØ L Î ¶�>"õIöv� Ç ID(

ñ ��È5õIöv� Ô�� â Ç È�Ú²�mË � )
Ì

64 ë�ÊtCtì J Ö
õ�ê�Ó �0Ô > ÛÜ Ö*Ý0Þ!ß\ì � ØV÷&ø-�[> ú ÑIù�ð²êD]&_-� Ô Ù"ë�Ú Û-Ü Ö J ÖFõ�Ø5�  � Ç"ú
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×�hD>��  � Ç 0325476�8(9 � õ*Ö4Ø,û ��Ô > �:� ê�Ï�ÐXÖ�)3ü"¶ ó â�~ �Kà ��ý ú �Pàþ5ÿ���� Ì
2 `:¶4ç8â ú

1. ��	"��XCmÏ0Ð-Ø�)²ü�¶ ó â�~
2. �XÐ�Ñ3ÄùÖP�3Ò"C�Ï�Ð-Ø*)3ü"¶ ó â�~

U ? ý ? È^É�Ì Ï0ÐCØ*Ì ûDÍ
ÎPÏ ë�Ê�CÁì J ÖFõ�ØV�  ��> �(� Ø5ÕÁ%�ý ú U Ì&� >8Ï0Ð ÇÕ Ë W ÝZÄ"2D�3Ò � 6�Ø S/N = 3
Ç �,ý ú U ? ý ? ù
ë�Ê3C3ì ê�Ó ��Ô Õ3%"ý�Ö�>�Ï�ÐXÖ��� ê q�� �
	�����(��� > } Ô ��� 	�� è[)²ü W â4ã Ç Ö�¶ ó ý ú �  ò 5.1, 5.2 ê�ü-�Dý úU ? ý ? �:ÐDÑ1Ä����²Ò�C����  Ì û�ÍXÎKÏ J �Fõ�>t�X	��&:C����  Ì û,Í�ÎPÏ J �4õ�¶">�
� Ö�� Ç �&ë�Ê²C²ì J �4õ�>� � ÖI0t2Æ4 6�8I9 � õ�����ü�!�¶#"#$ ú&% 5.2 � �(' ê
)�*W $ Ç ���+� f-, ÖI��~ p/. � � J �10Iê�2 ��� �Æ>����  )3ü W $13 Ç Ö�¶ ó��(� $ ú

5.1.2 465�798+:(;+<>= S/N

0325476�8(9 � 0?�@��üA! � >�û � $�8(9 � 0��-�
B�Ctê ��D���E#FHG >���� Ç�IKJ B�C
� 	#� êML i Ç�N $(3 Ç  � 4 ��¶�î$ï:ý ú G ~ G > i@O-P � ê � $Q���+��B@C � )�R:¶ �N Y >-S(T�y���U�V ��W �?X�Y#Z(d+[Pê ��D���E#F W $Iý�\">9"^]Æ~ J \(_#` � 0?� �a RGQ��bdc 3 Ç � ¶ ó N � ú ��DA��e-f&g �10&êQh&i ' $M����B�C  _�` � 0?�#��j�k�Â²Ä��ì Ç G�� û�Ý G���btó > ¾ j^k�Â²Ä���ì �l1m 3 Ç ¶�Ln� ��� � �Mo+D ýp���  >9q-� g �
0&ê�2#r �As û m $(3 Ç ê m $ ú 3-3,¶#t
u Ç�N $�� � >����@B-C Ç )?v G N r&_@`
w+0��
j^k�Â²Ä���ì  û(rPý 	1� >yx^z�{>|}_@`
w+0���ü
!KÖy~M���-� E-Fpm $ o ¶�"($ úp� ¶�îï�$�Ö">#� c I�J ����¶�" DA� �Æ> S/N

�1� ë��1�M�-� ��K��� ±1 �-�+���6]��,Ö?* Í ×
i�$ ú G ý&Ö D�� >#�&�1� g �(0�¶ � ���#B-C Ç _#`�wK0��
B-C
Ö�)�v G ý 	#� ¶�" DA� �üA!PÖAL#� Ç�N ] N r�3 Ç Ö("�$ ú 3��p3 Ç o ]/���#B�C Ç s û � i+$#_@`
w+0���B@C Ç �� ê+~Q�
�-�+���:Ö1"��G¿K$�� o�� ï �@bdc���� Ö�"($ ú�-� êDû(rPý g �10 � >y�����-�pk����  Ì�\ Í�ÎKÏ ���I¶�"($ ú 3�� �-� ¶�Ì�\ ÍXÎKÏ
��� ���  #���>� ú

• Û�� σ = 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0 [µs]

• � ó � � ∼ 4

3@3^¶����+�
� ó ��� >����K�ML@�@�  � ë�� E@  ��¡�Û(¶�¢ D ý���¶�"($ ú 3Qi:êM£ G��
_�`�w�0��-�"Û  σ′ = 0.2 [µs]

o ] σ′ = 6.5 [µs] ×�¶ 0.1 [µs] ¤�2 E-F ��¥ >#q�i(¦Ai$ê�2#r�
S/N

 ¿�ý ú 3���§-¨  % 5.3 êM© G ý ú L#�-�@ª�«p¬ � _-`�w+0��-�?(� E#F ê�£ GQ�
S/N � E@F&®�¯ X o(° N DA� r($13(± ®�²#o $ ú 3���§@¨ o ]/��� �³ ü G�' $-_@`
w+0��
�MB�C ®�´(µ�¶ ip$ ú?·&¸#¹ σ = 1 [µs] ����� � %1º ¬ S/N∼6 ¬#"�$ úA� � ��� �M§-¨  û
r&$�± S/N

�
6 × 0.15 ∼ 1 �-�+���6]�� ® "�$���¬�>6q-�M»�¼�¬ � ³ ü?¬�½�$(���K± GQ� >b^¾ q σ′ = 0.5 [µs]

o ] σ′ = 3 [µs] �1_#`�w�0�� ®?¿-À ¬1"($+±�Á ¸ ]Âi+$ ú �-�K�� ®
�9½
r#Ã�~ >�ÄAÅ � ¯ X o(° N $�Æ�[ ® *Ç]�i�$&ý�\"> ¿�À N _#`�wK0?�?(�M»�¼ � ��½ cN $ ú
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5.1.3 S/N ÜyÝHÞ1ß
x�zÐ{>|/_-`Mw+0���àMÅ�C���á�j#â-¬1"�$�ã�\�>(äd]Ùi1ã S/N

o ]Öå&�����+����½@æ  *ç �?$13(± ® ¬�½�$
è G�o^G S/N à
é N o ]Â¤ �?ê ��ë��-��ì �+��í �H]Ðr�¬ GAîK' è�3@3
¬1àK~Që
�-�+ë��6]�� ® "�$�ë o��(ï ã?è�-� ° àMðñ± I�ò °Qó@ô ��ê � ° �+���@��kÂõ�ö�ì�÷+\
ø�ù-¬?ú D ã ê�û k^ü g1ý 0-ì�þ
r�ã�è�÷�\Aøpù�ÿAõ�öKë����Kà ��� ëM� � è

• �� σ = 0.5, 1.0, 2.0, 4.0 [µs]

• ��½-æ � ∼ 2, 4, 6, 8

q�i&¦�i ��ê �pì E ¸ ã 1024
ê�û k^ü�ì�ú�� G �@� G ã?è î ¤p_#`�w	� ý Ú�
&ë S/N ë�� ì��Má>ü�����â-¬�� G ã�è · ± G�í > σ = 1.0 [µs] ë
§-¨^ì�� 5.4

° © G ã�è?äd]�i(ã���á
ü�����â ° £ G�í �����-�pk�_@`}z�j�`1k��-ì��&r">9q�i&¦�i S/N ë����@� bK¾� AE-  ë?
ì"!�\1ã?è$#Mi+ì"� G ã#ë ® � 5.5 ¬�>�%�& ® ������>�'�& ® ¡p+ì������p¬�¢ D ã
��¬�() z�ü G�í r+*�è S/N

® ��½ c N * °�G ã ® r�>��H]�, ¢.-�à�/@é G�í r+*�è@¡p1ë
��à-Ã0
1 ÿ ® >�1 o1° S/N ±-±32 ° �9½ c N *�Æ�[(ìÐ© GQí r+*�ë�¬�>54�� N�6.7 · ¬�à N r?è

5.1.4 8:95;=<�>�?�ÜyÝHÞ1ß
x^z�{>|}_@`
w@� ý ë#Ú�
 o ]Mà�>põ�ö+ë��9½-æ�ÿ � ¬�A c >�õ�öKë�B�C m *�D�EF2ÂäHG

iI*�è$J o J�>K#�i:2�L�M�ë S/N ±ON ò ° �?ê ��ë��-��ì �+� >��p��ëAõ�ö�D�EÇ±�P�QMw	�R k3�?ë
§-¨ S/N
®�S �d±"A�T�ãUD�Eñ±Ð¬1à?¤�i ®�VXW *+#1± ®�Y.Z æMiI*
è

S/N ë��[G���ë �-� ±"N W�g1ý �@ìQþ&r�>X#Qi�ì ��ï ã�è:P�Q
w@� R k3� °&¾ *Mõ�ö ³ Ú
D�E+ë��  ì��Má ü�����â-¬��\J ( � 5.6) >-äXG}i(ã5�Má>ü�����â ° £]J í ���?���pk3P�Q�z
jIQ(k��@ì���r">�q?ip¦?i#+ì"!I^1ã�èF#�ëA§@¨�ì3� 5.7

° ©XJ
ã?è�%�& ® S/N ë����#�P>
'�& ® D�E+ë�_   ë�¡&�¬">p÷5^Aøpù1ÿ
õ�öKë?�` °�a � � J í ( ) z^ü"J í�b *�èH#�# o
G ´&µ
¶ i5*QÆ5c�±�J í >

• õ�ö+ë� σ
® ��½Ar#Ã�~ >@D�E+ë a�d�e ��à�f c A+*�è

• õ�ö+ë
��½@æ ® �9½
r�ÃK~ >$D�E+ë a�d�e ��à ¾+c A+*�è
ë 2 g ®�h@i G}i5*
èF#�ë�jlk�à�m+ë ¾onM° Á ¸ GÂi5*Aè(õ�ö+ë� ® �9½ � i ¹ õ�ö.p�� °�?ê �-áUq ê+r A^~ ®�s �ut�v ®�w i í J î@nyx�z à�L ® � >�{-ë-ã�^ S/N ì S �Ç±}|�*�D
E ® ¤�~&> ³ Ú3D�E+ë?�[G���à��9½@��Ao*Aè î ã
õ�ö ® �9½���ÃK~ ��ê �(ë
�-��à
é5A]��A
*�ë�¬">&�]G���à���æ	��Ao*
è
5.2 ���F����������� �F� �@�����

5.1 �&¬#à,>@P�Q��I� ý t�v °(¾ *�Ú�
pëQÛ5� ®�².� TAã�è:P�Q��I� ý3�	� (	� ý üÊë�� ®�@  ~ ¹ >�¡+¢1ë
õ�ö.t�v ° «5�@2Aë ®�b *"£�¤3¥ ®�¦ �#ë�¬"> ¾I§
¾ ��§-¨ ®�¨ ^+*�è©J� J�ª�« °�¬ |�*�D�@à�®�¯]J í J î	n èoª�«o| ï ½�° ý �"±�à�²�³p¬ b * � G�>:´$µO¶=·
P�Q��@� ý ì¸¡o¢�ë�õ�ö�ª�« ° þo�+*¸¹.-�>	{�~ °"¬ |+*�D�-à�º�
�»5��¼ ®+¾ ��è 5.1 �+ë
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Ê�Ë � GQàD>�t�v+à�Ì�Í °�ÎKî G¸A��y±ÐÁ ¸ G�~I*�ë�¬�> �:� (l� ý üÏ�yì3Ð d J�>5Ñ�j5D
pìO»�Ò�|5*+#(± °�Ó ½-ì�Ô\� è�Õ.C DAQ Ö�þ�� í �+*�×�Ø.���$P.Q��:� ý ëIÙUQ � ·"ÙÚ à 1.6, 3.2, 6.4, 12.8 µs ë 4 ���IÖ�>�´lµ"¶Û·�P.Q��:� ý ë �l� (l� ý üÜ�F2�{3~]Ý"N W� >@{�~�Þ ��ß | ï	à Ý�Á�áKG�~5*Aèî�â�ã�ä æ"~ n *�õ�ö�t�v�ì�å.á�*�è 4.2 �+Ö�æ ï ã3ç�>�è PMT Ö ã�ä æ"~�*O³�é�ê ô õ
öKë Ú à�>�ë�é:ì.íoî ý�ï�ð ç PMT ë�ñ�òyì¸ó�ô+|I*�D��Ö Î�î *Aèõì�í�î ý�ï�ð@ö3÷:ø
{ ô�ù Ö�ú.Ø]J"û��+*5ÝOå�á$G�~5* � G�> 1PMT ñ�ò:ü�Öoì.í�î ý�ï�ð ç�Ø+��ý�þ�ÿ�ç�� �
~�� ø ����� 5.8

ß�� �	��
\J�ý���è PMT �ñ�ò ö 1◦ Ö"> FD2 � ß øI§���� 3◦ � 34◦ ��� �������	�@J"û����������� !#"%$�¼5c ö'&%(�� Ö θ = 0◦ � � 10◦ > ã�ä*) ~+�,���� HÝ
FD Ý��þ�ÿ ö L = � 10km - ½ Ö b ���*.�+.oÝ � G�> PMT ñ.ò:ü�/HÝ�ì�í�î�� ï�ð 021 ç%3�| � φ

ö3÷:ø { φ ' � 10◦ � 170◦ Ý,34�'�Iì.í�î�� ï�ð ç PMT �¸ó�ô�|	��D.4�5 ^4�5Ý
t ' sin 1◦

sinφ
· L

c
(5.1)

' 1 � 10 [µs] (5.2)

Ý76\G�~+���8.%.�Ö ö�9�: t�v! Ú �,; Ú �<2=�Ö d�> J�û���ý��Ö"> σ ' 0.5 � 5 [µs]  9: �,?A@3Ö à � øon ß �F�yg � �B�C��!D����FE��U~	� ø ���

1°

θ

φ

PMT

シャワー粒子

L

G
5.8: PMT �4H�I�ñ�ò+ � G

J  ø�K 3�B�CO�LD��2�NM�O�|�� � �NP ß å�áQ�F��R�SUT�ý�´Iµ�¶©·VB�CO�LD��3Ö ö > FFT

�FW�EXTÆ>�Y%Z��2[%\IÖ ã.ä °	��D@Ý�B2C��]D��$Ý��^U�@Ý��	.�Ý�Ö�_a`4�#b�cdT�û2eL���f .�Ö 9g: ��h5Ù�ì�i � Ý�T"û�> f �B��aj�kml�na��å.á4�'�
∫

∞

−∞

1√
2πσ

exp

(

− t2

2σ2

)

exp (−2πift) dt = exp
(

−2π2σ2f2
)

(5.3)
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øI§ > 9g:  Ú σ
ß#o T�û f �Y�Z��%[�\�Ö� Ú ö 1/2πσ Ö�p��'� 9�: Zgq! Ú ç�³ à!r 3

�IÝ f 'Y�Z�s%[g\5Ö� Ú ö�t2u�v T�û�w )Ar 3��4.oÝOçg�Qx����	y*z�{]j�z�|�s ö'} Ð2~
xU��>�³ à 3 σ

ß#o T"û ö�� ª+¤ ö'��r 3��Q.oÝ ß 34��� øg� û Ú �³ à e�B%C'�!D�� ö'�r ML��� ¬ ç23�elÝOå�á*���L����.m� ö G 5.3 x*���N�����4�+���
Þ����åm��x!�V�LzF{L���8�¸Ý�T�û%B#C���D�jFz�|�ÖF�gEg�2�� ö > σ′ = 0.5, 1.0, 2.0, 4.0 [µs]

 4 ���\Ý�T�ý���Þ2�2#�g�oÖ ö >*.' σ′ Ö4BgCF�+D!j�z�|g�,��e�>g�8��� à 3 S/N ��@' 
T�ý	��4��¡	� ø4K ß#¢%£g¤ T�ý�¥*¦m§�¨7B�C'�!D����FE�e�ý��

5.3 S/N
9�: �N©ª@���� ß p�ý � û S/N ��«'¬4����.Q öF®g¯�° p2�#� 5.4 ± ° ��æ4²	� øQK ß >'�à 3 S/N �=oçQ@�  ) ���4� 9�:	° p��4.QF'³�´%µ ö#¶ª· ��� · ý#w ) 3 9�: �¹¸� )�º» ©ª@ °!¼ �'� ø�� û�>�w ) 3 9�: » o T�û!�N� ¼ 3 S/N �m³�½ °!¼ �4��Uç øL¾�ø e 9g:

�%��¿�À��Á4Â4���
��� » E4e�ý�Ã4�QD ö >d.F� ·�° ,Ä�Å(>�Æ%Ç�Ã4�QD » hLÈ�Égi	z 9�: �mÊLË�Ì	Í4~	��° p����8.%. ° 5.1 ±!�Î%Ï�xU��> S/N

ö'9�: �ÐUV� ¼%) »'Ñ2Ò T�û%e	��2~ � ý�� f .° ÊLË'ÌLÓ 9g: �ÐUV� ¼�) me K 2 ÔQ�Õ!I%H��QD��Q�ml�Ö )F× > f ��Ø�� »�Ù4Ú � S/N

� u�Û �L����Ê+Ë'Ì	ÍQ~ 9g:!Ü�Ý ���
• ÐßÞ σ = 0.5, 1.0, 1.5, 2.0 [µs]

• � ¼�) Þ ∼ 1 x*� ∼ 6
·�°  32 à	á

.F�8�m�Õ!I%H��QD����â�= » o TFã Ü > 9g: ��Ê+Ë'ÌLÓ�Æ�Ç	ÃQ��D��Fl	Â�> f ��Ø�� 8 äå z]� º Ô��%�XT�æ��!¥a¦,§ç¨7B2C��AD��A�è%é2ê�ë� ° E�e�æ�ÃQ��D Ü ;	ã�Ä]ì ° p���.
 » ÁgíîTFã Ù rðï Î%Ï*ñ G 5.9

»#ò T'æ ï�ó%ôªÜ B2C��ªD��Q@� 	õ S/N >�ö ôAÜ Ê!Ë�Ì+Í
~ 9�: õ'� ¼%÷�° pQ� ï .�õ'��� °QÜ'9g: ñ,øª@ °!¼ 3%x � æ#ùQú2û 9�:+° 3�eA��õ�ñ,ø]@
T'æ#ù2ú�ü Ò%ý T�æ%æ�Ë�> f õ	þ K 3�Ã4�QD Ü �A¦]�mT'æ ï þ � ã�â%Õ!I%H��4D�� » o T Gÿ õ2{��L¦ª� s Ü � º Tg� 8

� » 3 � ã%e%3�e ï
¥L¦�§ ¨VB�C,�LD���õ�@� U�è�é%ê�ë+õ%@# +ñ u�Û ��� ï�9�: õF� ¼�÷ ü'w ÷ e�ù%ú Ü > J� �mõ�Î%ÏU���A�Í J l
	8��3%e ï æ�~!T�>
�X��¦'É��� ¨ Ü S/N ≥ 3

» ��4.Q�ü���� °
p���æ�Ë"> S/N ü f � Ý �a,3 � ãªT ·!K�9g: » ÔQegã Ü�u�Û ������� Ü p ·*¾ 3�e ï þ �
ã S/N ≥ 3

°�u�Û ���	�> Ù þ f ¥A¦N§�¨�BgCF�+D���õ��4ü�Ä!ì 9�: » o Tmã+þ'e S/N ñ�@
 UTmã%e����4�ü�	�x�� ï ��� °�� B%C'�!D�� Ü�� qªÉ����! �~gx*��> 9�: y	ä�"%ü�� ¼Ar
3�� »$# � ã�> S/N

Ü j&%4i »('*) �����Q,ü,+ · T#e ï �m� » þ ¾ >�-/./0!õ�� ¼�÷ ñ213 �4�!��Nü�5*6 »�7 � ï ¥+¦�§ ¨�B�C,�+D�� Ü �m�Lñ28LæLTmã�e�� ï T,xAT�è%é�ê�ëªB�C,�
D�� Ü .�0�ü�� ¼!r 7 �L S/N ü '9) T2:*� r 7 � ã�e
� ï �,� Ü�Ý �%õ(;�< » þ��4��õ °
p�� ï è2é%ê�ë °�Ü > S/N ñ2=LË���> » B�C��!D���@' Añ f õ �*? õ�@�Ð ( A�B9C9D )

°,E*�
ã2e
� ï Ã
��F2G*H » o Tmã�.�0�S � õ�I*JLü�� ¼Ar 7 �+�> f õ�@	Ð Ü
K ä�"Qõ�@	ÐAþ ¾
�N� ¼!rML ^8�4����ãªT ·!K ï þ � ã S/N ü8j&%4i »�'�) T 7 e ï Î�N(>2Ã��
F2O	ü�PLe�æ
Ë »�Q ����õ ° > K ä�"�ÕSR,�4ñUT�Ã���FLgTFã�V�e�ã�e
��¥]¦m§�¨XW�Y'�ZF�� °�Ü�L �N�7 e ï ��õ � ° ��¥]¦m§�¨&W�Y'�ZF�� Ü$[�\�° p
� ï
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]
5.9: ¥ª¦,§�¨^W�Y#�ZF��A�è%é%ê�ë » þ�� S/N õ u�_ ( ` Þ ¥ª¦,§�¨^W�Y#�ZF�� , a Þ è

é2ê�ë )
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5.4 false alarm

W�Y'�ZFcb�z�| » þ��(.�0%©�d Ü >�e »�fhg�i Î�Ïañ�d� 2�4�! Ü�j � 7*i ï �m� Ü�k »
�Xl4²4æLþ
m » K ä/"�õ,n9o%s�p�q!õ�r�sLü�./0Aõ�n�o%s�p�q�&t � ã i �gæ�Ë °!u � ïvK
ä/" Ü�w!x p9q °*y È�� �!? ñ2z ��{4|�}  7 d� Xm� 7 × ��ü�>4~9� » .�0d���� g æ�o� ü K ä/" ÿ »(�
� æ#ù�ú » Ü >�./0� g ã���'ã�ø�d (false alarm)

g ã g · m�����µ�ü u
� ï false alarm ü��9� » u �+�.�0%©�d Ý�� õ'��� ° õ��9D�ü�� ¼Z� 7 �gæ�Ë"> u��2� ì#Ë
� � ñ L9��� ��ã Ù ����¯ ü u � ï ��� °QÜ è%é2ê�ë » þ���./0����2¿�Àd�õ,� _ ñ����]g ã i ��æ�Ë">!�9� 7 ��� Ü�� Ú >��X���9�!õ$�añ2=LË�� »$� ËQæ ï

false alarm õ'³/ añ L/�¡� ��õ » TA ´!¢ ° ´4> »�£ � � ægä å |¤ Ã���F�ñ$V i æ ï�k
õ#���Lõ�þ�m » .�0]ñNÊ	Ë'Ì�Ó¥�� Ü �c�mã i/7/i ï 1PMT1 ä å |¤ õ�Ã!�!F �S� W�Y�¦¥F
b |�§ » þ���ã�ød ÷ � æ,.90Aõ�¨�©añ�ª4«*¬¥��õ Ü/�®+°�u ��æ�Ë�> 1 ¯
° { (256PMT)

õgÄAì#ä å |S¤ õ�Ã
��F » Ô i ã�±�² g > false alarm ñU³ L ¬4�
�Q »�g æ ï .�0	ü�øcd ÷� æ!W�Y�¦ZF��*d,´!ñ true µ¬4��¶�· Ü

1. ª�«�¸*¹Lõ PMT õ�n4º » ¤ b y � ÷ � æ PMT ü u �
2. ª�«�¸*¹Lõ PMT $»gõ�n4º2õ PMT õ,.�02øcd w�¼ »$½ ¼ 7 D/¾Lü 7�i

õ � �]ñ�8+æ�¬�ù2úÀ¿ g æ ï
Á �+õ$¶�·4Â � 8!æ ÷ 79i ./0 Ü false ¿UÃ 7 ¬ ï
1.
Ü >�Ä9Å¥Æ4þ��U¶9·
Â u � ï ¤ b y � ÷ � æ PMT õ�¯!° {�Ç Â2õ�È ? ñ,É9Ê%æFù%ú�> ½Ë�Ì ÇcÆ	þ���.�04Â u ��Í > ] 5.11 Â LÎ� � �4þ
m�Æ,>+É�Ï�R,� ¤^{�Ð�Ñ Æ�ÒS�'ã�Ó4Ô Ü�Õ

Â u � ï 1 Öªõ PMT × Ú ü ¤ b y � ÷ � >Ø»%õ,n�º�Â Ü G � ¤ b y � ÷ �
7!i ¿ i ��æ%äå |¤ Ü É�Ê�Æ � i ï þ/��ã�ª�«�¸*¹Lõ PMT Æ$¸ g ã ] 5.10 õLþ
m 7,Ù º�õ PMT õ ¤ by ��õ$Ú�Û]ñ(Ü!Ý�� ï
2. Þ w�¼ Æ4þ��2¶9·
Â u � ï 1 ¿2ß!ì Ù º/Â,¸9¹ PMT ¿(»�õ$n�º 2 à�È+õ PMT õ$.�0�ø
d w�¼ ñ$� _ ¬�� ï ß]ì�ä å |S¤ õ�á���F%ñ$V i�â!i �9ã9ä�>���õLþ4m 7�å¥i,Ù º�õ PMT

Â u �
Í .�0cÞ�æAþ�»�ßªì w�¼ Æ'øcd ÷ � �,Ý�ç�Â u � ï �9��Â9æAþ�»Z¿ i mmõ�ÞD>cè�éÀê
ã PMT Â u � â � ø�d w�¼ Þ$ë Ëcì Ï�R,�%õ�í*îZÆ�þ�� â PMT ïcÆ$ðvê Õ à Õ � ��ñ�¿ >
5.1 ò�Â�ó
Ý�ã�ô�m�Æ*W�Y�¦ZF�� �Ø� d�´cõ �4öU÷ d w,¼ Æ Õ �*ø�ùÀú,ö �
¿ ø u ö ã�ä/Â uö�û ��ñ9ã�ä"> ÷ d w,¼ ø�ü B w�¼¥�¡� 3σ′ ýcþ Æ�ÿ�� �!â�i/��Í ¶�·��(8Zãcê â*i�ö � ñ
¿/ê$ã û σ′ Þ!W9Y$¦ZFZb |�§ ñ�>�Æ,V i � � ã�W�Y$¦cF���� |	��
 � ¤ ñ y� ì�� | ñ��*Âu ö$û9ü B w,¼ Þ��¥ñ�ô�m$Æ¥ê â���� ê$ã û � Õ � _ ¬9Ýcç PMT ñ�á���F�ñ�.�0 ÷ d w�¼� 1µs ïcñ bin Æ�È�� ö$û » � � ñ�m������*�¥ñ bin Æ�ÿ�� � ã�á���F�ñ��! ÷ d w�¼ �#"$ ê�>�»/ñ��%� ü B w�¼ ¿�ê�ã û& 
�Ð ì�' ¦)( 
+* ¦4ñ#,�-cÆ
ô ö false alarm .¥ñ�,!-%�0/ ö ã�ä�>�W/Y(¦�1¥b |�§ Æ�æ� ö & 
$Ð ì2' ¦3(4� S/N=3.0

��
S/N=4.5 �,Â�,
Ê65 ø � > Ç ñ�¶/·�Æ�ô,� â false alarm� £ ã û » �87�� 64 9 *Ø|S¤ ÈZñ�á:�:1/Æ�à i�â W*Y$¦%1�b |/§ �#;��ã û �9ã�>�� _ ñ

ã/ä!Æ�<>=�" $ ñ�?�@�Æ�à i�â � ß	Acñ�±*²���;S��ã û <>=�" $ ñ�BDC¥Æ�Þ�>FE ÐHG (JI�K
¦�1��9ñ#B>CÀ¿ ¸�L�¬ ö ô
mu>D" $ ��¿,��ã � K | ( � �
ñ 1/2 � σ′ ¿6M â ¶�·9ª�«�N;��
ã û�£ � � ã���Þ false alarm ñ�O� %�0P�ä â ��Q4¬ ö�ø > ¤ b y ��. ø ¾85 ö ã/ä�>8RTS¥Æ
(false alarm . ) / ( U�á��V1H. )

�Ø� P�� ö O/ ���W i/â Þ�ô i ��Q4Â�Þ65 i�û »:X�ÂT�!Ycñ
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Z
5.10: [
Â�\Øõ � ã�¸�¹ PMT ¿+]!^
Â�\Øõ � ã Ù º*Æ!_ ö PMT Â £ � � ã!9 *�|�¤ áV�1�ñ��6 >`�a�b ¼ ����c4¬ ö$û

Z
5.11: ë Ë�ì ÏDd	�!9 *|¤ ø ¯
° {�Ç ÂFe>f+g�Ê ö � ( hjikI>l ¤U| ñ$È>m , noipI>l ¤| ø	q ��ã PMT ñ$ÈDm )
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5.12:

& 
�Ð ì�' ¦r( Æ(¸�¬ ö false alarm ñ�O�  ( [sitE ÐuG (4I6K�¦1T� , vsiw<�=�" $ )

ô:f(Æ ¤	x0y ��áV��1z.�Æ�ô�� â�{ Ã6|8�D��;� â O� F�HP¥ä!ã û

P =

n
∑

i

N i
false

N i
trig.

×

n
∑

i

N i
trig.

n

/ n
∑

i

N i
total (5.4)

X>X$Â i Þ�9 *F}Ø¤�~  K> n (= 64) Þ�9 *�}S¤ .P> Nfalse Þ false alarm .K> Ntrig. Þ ¤Txy ��.�> Ntotal (= 256) Þ#U�á��V1z.�ÂD_ ö$ûD��� � Z 5.12 Æ�\�M�ã û� 9!�!ñ$ÈDm4Þ y ��&	� × �Ø� > � 96��ñ#,�� ø�½ ç � 5 ö ¿�»/ñ���� ö O/ �Þ��:�D��Æ� õ��45 ö�û ô�� â & 
�Ð ì�' ¦)( ø�½ ç��45 ö Æ#�%� â false alarm ñ#O6� ø � õ��45 ö X
¿�Þ����u�/Â>_ ö�û & 
�Ð ì�' ¦r( ø 3.5 ý Ç Â*Þ false alarm Þ 1% ���!����>DE Ð0G (4I!K� 1	�^>#<!=!" $ ¿	��Æ � õ��#��Â��!<�M â � ö(û�½ ç�� & 
�Ð ì8' � ( Â�Þ�<!=�" $ ñ false

alarm
øD�!�

0% ¿z5���>VE Ð0G (4I!K � 1T��ô� �V� â � ö ô�f�Æ#g
Ê ö�ø > 5.3 òZñ�¡¢��><>=�" $ Â!Þ ½ ç�5 S/N ÞDa�£õ���Æ���� >)¤ xzy ��. øD� ¿z¥Fe�Û8�!ã�äX�ñ4ô:fz5 ���
Æ�5D� â � ö�û ô�� â & 
$Ð ì' � (�ñ � õ#��¦9È
Â*ñ�ÃT§�cZÆN¨© ø _ ö ¿UÉ9Ê%�J� ö$û &
�Ð ì�' � ( ø 3 ª!«
Â!Þ�E Ð0G (¬I�K � 1��/ñ false alarm ñ�O6�¥ñ# ø � õ��X�¿ ø6® �ö�û M�ã ø � â >2E ÐHG (JI�K � 1��9ñ� øT¯ ��ã��6 ��H`�a2M,Æ��¬�S¿u°
Ê ö�û
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±
6 ² ³

TA ´Vµ¥ñ FD ¶�·�¸¡õ��4ã�á��:1	�¹�4º�»>¼�½F¾�ô ö �� ¹�H¿�a�À ö ã9ä�>F�Á��àD��ñI>K � 1��V�NÂ�Ã�M�>�� & ¤�M$ã û�Ä ñ ��� >>��Å5�I>K � 1��9Þ6E%Æ G (¬I�K � 16��¶�_ö XVÇ ø!® ���ã û E%Æ G (¬I�K � 1���ÞDI>K � 1��#È�ÉÊÇ+Ë>Ì�M�ã�È!É��N�� ÍÇ6M â á:�1	���Î¿%a	À ö ^!ÉFI�K � 16��¶�_ ö,ûFÄ ���W�� â ì8ÏTÐ 
 � ì%' } á:�V1�æô�Ñ	´:Ò
ñ·�¸
áV��1����Óº�»�¼!½V�6 ��z¿Fa	À ö X�Ç#¾#Ã�ÔÁM�ã û I�K � 1���ñ#Õ�ÖÁÇ6M�×DØ ý � øÙ�Ú �¬� ö$û
• S/N Ø 1 ª�«Zñ ¯�Û ¶ ��� ¶�Ü ö
• �6 Zñ��VØ�> Ä � ø � õ�� � e�> � õ�� ¯�Û ¶ ��� ¶�Ü ö
• �� :b�ÝØD>!�� ¥ñT� ø � õ� >��� Zñ�ºFÜ/õ ø ºFÜ#� � e�> � õ#� ¯6Û ¶ �!� ¶2Ü ö

��Þ�>��Dß DAQ ¶6W:���0�D×D� ö <D=>" $ ¾�ô ö ?>@àÇu§!á8À ö Ç�> � õ	���! %¾#âÁM�×�¬º�Ü#5 S/N ��a#£FM�> false alarm �Xð�5!��ÇH�%f �!�
øTã �¬��>hô8�ä�D�VÞ��� �å!æ!?�@¶V_ ö X�Ç ø!® �2��Þ ûç�è ñ�é6êÊÇ6M�×"> TA ñ�å�æ�ëTI�¤ ��ì �	í ñ#´�îF�:ï4ð8À û
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 \�MN×Á�uù����Vú2M�Þ���������>?�¾��3���	�2�DÞ�M�ú�À û�� M��	������£ 
 MN×D�>Þ>ùÜ�ú8M#Þ�>������	��º� !#"%$'&)()*,+�>.-./10�+I>.2�$13�4�+I>�5	6�784)+I>9��:	;)+I><	=�>@? +I>)A ó	B�C +I>)D	A ?FE +2¾G�3���	�8�DÞ@H�úTÀ û
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